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PREFACE 


Model  studies  of  surges  in  the  Southern  Outfall  Sewer  and  of  flow 
conditions  in  the  State  Fairgrounds  Pumping  Plant*,  Louisville,  Kentucky, 
were  authorized  by  the  Chief  of  Engineers,  Department  of  the  Army,  in 
second  indorsement  dated  6  February  19^7,  to  a  letter  from  the  District 
Engineer,  Louisville  District,  CE,  dated  15  January  19^7*  Model  studies 
were  conducted  in  the  Hydraulics  Division  of  the  Waterways  Experiment 
Station  during  the  period  December  19^7 -July  1950.  Personnel  actively 
connected  with  the  model  study  were  Messrs.  F.  R.  Brown,  T.  E.  Murphy, 

T.  J.  Buntin,  and  G.  B.  Sims. 

Messrs.  C.  L.  Cowan,  J.  R.  Hamilton,  and  R.  E.  Karlen  of  the 
Louisville  District,  and  Mr.  R.  L.  Irwin  of  the  Ohio  River  Division, 
visited  the  Waterways  Experiment  Station  to  discuss  test  results  and  to 
correlate  these  results  with  design  work  being  carried  on  concurrently 
in  the  District  Office.  Messrs.  F.  U.  Druml  and  H.  B.  Willis**  of  the 
District  and  Irwin**  did  all  the  analysis  work  in  the  application  of 
the  model  data  to  the  prototype  problem.  This  work  is  summarized  in 
appendices  A  and  B  to  this  report. 


*  Name  of  plant  later  changed  to  Western  Parkway  Pumping  Plant. 

**  Presently  of  the  Office,  Chief  of  Engineers,  and  Washington  District, 
respectively. 
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SUMMARY 

Model  investigations  of  the  surges  occurring  in  sever  lines  and  of 
the  flow  conditions  in  a  typical  pumping  plant,  used  to  dispose  of  drain¬ 
age  during  high  river  stages,  were  conducted  as  a  part  of  the  local  flood - 
protection  project  for  Louisville,  Kentucky.  Studies  conducted  on  a  1:32- 
scale  simplified  model  of  the  Southern  Outfall  Sewer  provided  general  in¬ 
formation  on  the  relative  amount  of  relief  from  surges  to  he  expected  from 
the  pumping  station  and  manholes  in  the  sewer  line  upstream.  It  was  de¬ 
termined  that  the  open  sump  absorbed  all  water-hammer  effects  with  no  in¬ 
crease  in  pressure  occurring  upline  from  the  sump.  It  also  was  deter¬ 
mined  that  the  time  of  valve  closure  (pump  stoppage)  had  little  effect 
upon  the  maximum  height  of  surge  rise.  A  decrease  in  the  size  of  the 
sump  increased  the  maximum  height  of  rise;  an  increase  in  the  area  of 
the  risers  had  little  or  no  effect  on  the  height  of  rise,  although  in¬ 
creasing  the  area  greatly  lengthened  the  time  of  rise.  The  height  of 
surge  upline  was  reduced  by  allowing  one  of  the  lower  manholes  to  be 
overtopped  and  the  excess  water  to  go  into  storage  above  ground.  The 
time  of  concentration  tests  indicated  that  with  a  surcharged  sewer  the 
time  of  travel  of  an  additional  increment  of  water  from  the  point  of 
entry  to  the  point  of  exit  was  practically  instantaneous;  whereas,  with 
a  sewer  flowing  partially  full,  the  additional  increment  traveled  with 
the  normal  velocity  of  the  water,  thus  greatly  increasing  the  time  of 
concentration  of  flow  at  the  lower  end  of  the  sewer.  The  above  studies 
provided  data  that  formed  the  basis  for  a  comprehensive  analysis  of  the 
surge  problem  in  sewers . 

Tests  of  the  State  Fairgrounds  Pumping  Plant  were  made  on  a  1: 16- 
scale  model  and  provided  information  on  plant  performance  for  gravity  and 
pumped  flow.  Flow  conditions  were  improved  throughout  the  plant  by  re¬ 
vising  the  intake  and  outlet  transitions  and  removing  the  baffle  walls 
in  the  discharge  channel.  It  was  determined  from  the  model  studies  that 
an  approximate  depth  of  2  ft  of  water  was  required  over  the  lower  end  of 
the  inlet  transition  to  prevent  the  passage  of  air  upstream  resulting 
from  surges  in  the  main  sump. 


SURGES  IN  SOUTHERN  OUTFALL  SEWER  AMD 
FLOW  CONDITIONS  IN  STATE  FAIRGROUNDS  (WESTERN  PARKWAY)  PUMP  IMG  PLANT 

LOUISVILLE,  KENTUCKY 


Hydraulic  Model  Investigation 
PART  I:  INTRODUCTION 

The  Problem 

1.  The  city  of  Louisville,  Kentucky,  is  located  on  the  left  hank 
of  the  Ohio  River,  approximately  200  miles  northeast  of  the  river's  mouth 
(fig.  l).  At  present  the  city's 
sanitary  sewage  and  the  storm  water 
drainage  both  empty  into  the  Ohio 
River  through  a  series  of  combined 
sewer  systems.  These  systems  are 
of  the  gravity  flow  type,  and  no 
pumping  facilities  are  provided 
for  forcing  the  sanitary  sewage 
and  storm  water  into  the  river 
during  flood  stages.  Accordingly, 
it  is  proposed  to  build  a  series 
of  pumping  stations  near  the  out¬ 
let  ends  of  existing  sewer  sys¬ 
tems  or  on  diversion  sewers  to 
pump  sewage  and  runoff  across  the 
line  of  protection  into  the  river  during  flood  stages. 

2.  Preliminary  design  of  the  internal  drainage  facilities  of  the 
city  of  Louisville  indicated  that,  in  several  instances,  pumping  sta¬ 
tions  would  be  operating  with  a  considerable  length  of  sewer  flowing 
under  a  surcharge.  It  appeared  that  any  sudden  change  in  pump  discharge, 
such  as  might  be  caused  by  a  power  failure,  while  the  station  was  oper¬ 
ating  under  a  surcharge  would  create  surges  in  the  sump  which  might 
result  in  serious  damage  to  the  system.  This  surge  problem  is  ap¬ 
parently  analagous  to  that  of  a  penstock,  although  the  mathematical 
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solution  in  connection  with  sewers  is  more  difficult  because  of  the  nu¬ 
merous  inlet  points  and  the  frequent  changes  in  sewer  size.  The  need 
for  information  on  surge  effects  was  considered  critical  enough  by  the 
Ohio  River  Division  that  studies  having  application  to  the  Louisville  in¬ 
ternal  drainage  problem  were  initiated.  These  tests  were  extended  to  in¬ 
clude  the  study  of  flow  conditions  at  the  entrance  to  and  through  a  typ¬ 
ical  pumping  station. 

Pertinent  Features  of  the  Prototype 

3.  The  Southern  Outfall  Sewer  System*  was  selected  by  the  Louis¬ 
ville  District,  CE,  as  the  prototype  on  which  to  base  the  model.  This 
system  drains  an  area  of  about  4,540  acres,  and  has  a  total  length  of 
main-line  sewer  of  approximately  33*000  ft  (fig.  2)  with  accompanying 
laterals  and  manholes .  The  main  sewer  is  of  concrete  construction,  vary¬ 
ing  from  a  5 -ft -3 -in.  semielliptical  shape  to  a  15-ft-6-in.  horseshoe 
shape .  The  surcharged  capacity  of  the  sewer  is  approximately  1700  cf s . 

4.  A  pumping  plant  (plate  l) ,  designated  as  the  State  Fairgrounds 
Pumping  Plant,  is  to  be  constructed  at  the  lower  end  of  the  Southern  Out¬ 
fall  Sewer  line  for  disposal  of  storm  water  when  the  river  elevation  is 
higher  than  that  of  the  sewer.  The  plant  will  be  constructed  of  concrete 
with  top  of  discharge  chamber  at  elevation  462**,  and  is  designed  to 
carry  a  flow  of  1800  cfs  when  the  river  is  at  elev  427.2,  and  910  cfs 
when  the  river  is  at  elev  458.3.  Capacities  for  model  testing  were 

1800  cfs  at  river  elev  430  and  1200  cfs  at  river  elev  458.3.  The  aver¬ 
age  velocity  in  the  sewer  during  the  maximum  flow  will  be  approximately 
20  ft  per  sec.  The  pumping  plant  was  planned  to  be  constructed  in  an  off¬ 
set  position  from  the  existing  concrete  horseshoe -shaped  sewer,  which  is 
10  ft  7  in.  by  10  ft  l-l/2  in.,  and  connected  to  the  existing  sewer  by 
a  transition  on  each  end.  The  final  design  provides  for  "over-sewer" 
location.  The  upper  transition  will  be  flared  so  as  to  decrease  the 
velocity  of  flow  before  it  enters  the  sump  chamber.  The  storm-water 

*  See  appendix  B  for  more  detailed  descriptions  of  sewer  system. 

**  All  elevations  are  in  feet  above  mean  sea  level. 
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pumps  will  be  open-pit  type  installations  with  each  intake  opening  into 
a  trash  rack  well.  Each  trash  rack  well  will  be  connected  to  the  sump 
chamber  by  a  gated  opening.  The  pump  installation  tested  consists  of 
four  1500-hp  (386  cfs)  pumps  and  two  500-hp  (128  cfs)  pumps.  Final  de¬ 
sign  of  this  pumping  plant  provides  for  four  1250-hp  (360  cfs)  and  three 
500-hp  (120  cfs)  pumps.  The  river  end  of  the  sump  chamber  will  be  con¬ 
nected  through  two  gated  openings  to  the  outfall  sewer,  so  that  the 
transition  section  and  sump  chamber  will  serve  as  a  part  of  the  gravity 
outlet  of  the  sewer  when  the  pumping  plant  is  not  in  operation. 

5.  It  is  proposed  to  maintain  the  water-surface  elevation  in  the 
sump  chamber  within  a  5 -ft  range  when  the  pumps  are  operating.  The  pumps 
will  be  manually  controlled  and  turned  on  consecutively,  starting  with 
the  riverward  pump  and  progressing  landward. 

Purposes  of  the  Model  Studies 

6.  Two  models  were  considered  necessary  to  study  the  principal 
problems  involved  in  designing  sin  efficient  and  safe  sewer  system  and 
pumping  plant  for  the  conditions  existing  at  Louisville.  A  simplified 
model  of  a  part  of  the  main-line  sewer  is  designated  in  this  report  as 
the  "surge  model"  since  it  was  used  to  determine  (a)  the  water-hammer 
pressures  in  the  main -line  sewer,  (b)  the  surges  that  might  occur  at  the 
pumping  plant  and  in  the  lower  reaches  of  the  connecting  sewer,  and  (c) 
the  effects  of  surcharging  the  sewer  upon  the  time  of  concentration  of 
flows  at  the  pumping  station.  Results  of  tests  from  the  simplified  model 
could  not  be  applied  directly  to  the  Louisville  sewer  system  but  were  to 
be  used  to  evaluate  the  effects  of  certain  variables  as  a  basis  for  a 
more  comprehensive  mathematical  development  of  the  design.  The  second 

or  "pumping  plant  model"  was  used  to  study  flow  conditions  in  and  through 
the  pumping  plant  for  gravity  and  pumped  flow. 
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PART  II:  THE  MODELS 

Design  Considerations 


7.  Considerable  attention  was  given  to  the  selection  of  the  type 
models  that  would  allow  the  desired  data  to  be  obtained  with  minimum  ex¬ 
pense.  After  all  factors  involved  had  been  carefully  weighed,  it  was 
decided  that  a  simplified  model  of  a  portion  of  the  main  sewer  and  the 
more  important  laterals  would  permit  collection  of  data  that  could  be 
applied  analytically  to  the  over-all  sewer  design.  A  1:32  scale  was 
selected  for  the  surge  model.  Its  use  permitted  the  cross-sectional 
area  of  the  lower  part  of  the  main  sewer  to  be  simulated  by  means  of  a 

6 -in. -diameter  circular  pipe;  a  4-in. -diameter  circular  pipe  simulated 
the  10 -ft  horseshoe -shaped  section  of  sewer  in  the  vicinity  of  the  pump¬ 
ing  plant.  A  1:16  scale  was  selected  for  the  pumping  plant  model  in  order 
to  permit  more  detailed  study  of  the  flow  conditions  in  the  sump  and 
transition  areas. 

8.  Fluid  motion  in  both  models  was  effected  predominantly  by  the 
force  of  gravity,  which  permitted  the  variation  of  all  hydraulic  quanti¬ 
ties  in  their  proper  relationships  as  derived  from  the  Froude  law.  Since 
it  was  desired  to  reproduce  water-hammer  phenomena  in  the  surge  model, 
and  since  the  velocity  of  propagation  of  a  pressure  wave  is  a  function  of 
the  elasticity  of  the  fluid  medium  and  of  the  conduit  walls,  elastic 
forces  were  also  a  factor  for  consideration  and  Cauchy's  number  was  of 
primary  importance.  Therefore,  in  order  to  insure  closer  relationships 
with  regard  to  elastic  forces,  the  model  sewers  were  constructed  of 
plastic.  This  material  possesses  the  elasticity  required  to  bring  the 
velocity  of  pressure-wave  propagation  about  into  consonance  with  the 
Froudian  velocity  scale  governing  discharge  in  the  model.*  The  use  of 
plastic  tubing  also  aided  in  approximating  the  desired  roughness  values. 
Relationships  for  transference  of  model  data  to  prototype  equivalents, 

*  For  verification  see  Waterways  Experiment  Station  TM  No.  185-1,  "Model 
Study  of  Hydraulic  Characteristics  of  Power  Tunnel,  Fort  Peck  Dam," 
November  1941. 
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or  vice  versa,  are  listed  in  the  following  tabulation  where  the  subscript 
r  represents  the  mode 1-to -prototype  ratio: 


Dimension 

Ratio 

Scale  Relationship 

Surge  Model  Pumping  Plant 

Length 

L 

r 

1:32 

1:16 

Area 

.  T  2 

A  =  L 

1:1024 

1:256 

r  r 

Time 

T 

1:5.66 

1:4 

r  r 

1 

Velocity 

H< 

II 

H 

ro 

1:5*66 

1:4 

Discharge 

Q  =  L  5'2 
r  r 

1:5793 

1:1024 

Roughness 

11 

tr1 

H 

OA 

1:1.782 

1:1.586 

Description 

9.  The  l:32-scale  model  reproduced  approximately  10,000  ft  of  the 
lower  part  of  the  main  line  of  the  Southern  Outfall  Sewer  (fig.  3  and 
plate  2).  No  laterals  or  risers  were  reproduced  initially;  however,  pro¬ 
vision  was  made  for  installing  a  short  section  of  each  of  five  main  lat¬ 
erals  during  the  testing  program.  The  entire  model  was  constructed  ini¬ 
tially  of  6-in.  plastic  tubing  (model);  after  the  initial  tests  the  lower 
1600  ft  was  replaced  by  4-in.  tubing  (model).  The  wall  thickness  of  the 
6-in.  and  4- in.  plastic  tubing  was  l/8  in.  and  l/4  in.,  respectively. 

The  pumping  plant  was  represented  in  this  model  by  a  rectangular,  plastic 
box  equal  in  area  to  the  sump  chamber.  The  sudden  stoppage  of  flow  was 
produced  in  the  surge  model  by  means  of  a  quick-closing  valve  on  which 
an  electrical  measuring  device  was  installed  so  that  the  length  of  time 
required  to  effect  closure  could  be  measured  and  recorded.  Sections 
of  plastic  tubing  for  reproducing  the  risers  or  manholes  were  provided 
for  installation  when  required. 

10.  The  1: 16-scale  model  of  the  State  Fairgrounds  Pumping  Plant  re¬ 
produced  approximately  175  ft  of  the  existing  sewer  upline  from  the  pump¬ 
ing  plant;  the  entire  pumping  plant,  including  the  intake  and  outlet  tran¬ 
sitions;  and  approximately  45  ft  of  the  existing  and  proposed  sewers  below 
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Fig.  4.  Model  of  State  Fairgrounds  Pumping  Plant 

the  pumping  plant  (fig.  4  and  plate  3)*  The  sewers  and  pumping  plant 
were  constructed  of  plastic.  Pump  action  was  produced  in  the  pumping 
plant  model  by  six  separate  outflow  and  inflow  lines,  the  pumping  force 
being  supplied  through  common  headers  by  means  of  a  3-cfs  centrifugal 
pump.  Each  pair  of  lines  was  equipped  with  a  circular  orifice  plate  and 
valve  so  that  any  desired  combination  of  discharges  could  be  set  up  in 
the  system.  River  stages  were  simulated  initially  by  means  of  a  valve 
installed  in  the  discharge  line.  This  model  was  later  revised  bo  as 
to  reproduce  the  extension  of  the  proposed  and  existing  sewers  to  the 
river,  and  Btages  were  maintained  by  means  of  a  tailbay  into  which  the 
sewers  emptied  (fig.  5)* 


Appurtenances 


11.  The  inflow  into  both  models  was  measured  by  means  of  venturi 
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meters.  An  overflow  weir  was  pro¬ 
vided  in  the  headbay  of  the  surge 
model  to  carry  off  the  excess  water 
upon  sudden  stoppage  of  flow. 

12.  Static  pressures  were  meas¬ 
ured  by  means  of  water  piezometers 
and  water-surface  elevations  were 
read  by  means  of  staff  gages.  Velo¬ 
cities  in  the  sewers  were  measured  by 
means  of  a  pitot  tube  mounted  in  a 
special  collar  which  permitted  attach¬ 
ment  of  the  tube  to  the  pipe  at  any 
desired  location.  Pressures  due  to 
water  hammer  were  measured  by  means 
of  pressure  cells  connected  to  an 
oscillograph  recorder  (fig.  6). 

The  pressure  cells  were  of  the  elec¬ 
tromagnetic  type  developed  at  the 


Fig.  6.  Recording  apparatus 


Fig.  5.  Tailbay  wherein  water 
level  could  be  controlled  to 
simulate  river  stages 


Waterways  Experiment  Station  for 
the  measurement  of  fluid  pressures. 

A  continuous  photographic  record  of 
the  pressure  fluctuations  was  ob¬ 
tained;  plate  4  shows  typical  oscil¬ 
lograph  records. 

13.  Surges  were  measured  by 
two  methods.  Initially  they  were 
measured  by  means  of  resistance 
gages  installed  in  risers  and  in  the 
sump  and  were  recorded  by  means  of  an 
oscillograph.  In  later  tests  the 
maximum  height  and  time  of  rise  of 
the  surges  were  obtained  by  visual 
observation  and  a  stop  watch,  re¬ 
spectively. 
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PART  III:  NARRATIVE  OF  TESTS  —  SURGE  MODEL 

Preliminary  Tests  of  Model  Construction  Material 

14.  A  preliminary  series  of  tests  was  conducted  to  verify  the  as¬ 
sumptions  made  during  the  design  of  the  model  to  satisfy  the  requirements 
of  Cauchy's  number.  These  tests  involved:  (a)  determination  of  the 
speed  of  propagation  of  the  pressure  wave  along  the  plastic  tube  with 
the  entire  length  of  sewer  constructed  of  6-in. -diameter  plastic  tubing; 
(b)  determination  of  the  coefficient  of  roughness  of  the  plastic  tubing. 
Pressure  wave  propagation 

15.  The  modulus  of  elasticity  of  the  l/8-in. -thick  plastic  mate¬ 
rial  (Lucite)  used  for  the  model  sewer  was  determined  to  be  392,000  lb 
per  sq  in.  A  check  of  this  value  after  completion  of  the  tests  indi¬ 
cated  that  the  modulus  remained  unchanged.  The  velocity  of  propagation 
of  the  pressure  wave  in  the  prototype  was  computed  to  be  about  3760  ft 
per  sec;  thus  the  corresponding  theoretical  pressure  wave  in  the  model 
was  approximately  660  ft  per  sec.  The  6 -in. -diameter,  l/8-in. -thick 
Lucite  tubing  was  estimated  to  be  capable  of  accommodating  a  velocity  of 
pressure  wave  propagation  of  766  ft  per  sec,  assuming  the  tubing  to  be 
continuous  with  no  joints.  However,  the  model  sewer  was  constructed  of 
4 -ft  sections  of  tubing  with  a  l-l/2-in.  plastic  flange  on  the  end  of 
each  section.  If  the  entire  model  had  been  constructed  of  plastic  with 

a  wall  thickness  of  1-1/2  in.,  the  pressure  wave  velocity  would  have  been 
about  2330  ft  per  sec.  The  introduction  of  a  correction  factor  based 
upon  the  number  of  flanges  on  the  tubing  as  a  proportion  of  the  total 
length  of  the  model  sewer  permitted  an  upward  revision  of  the  expected 
velocity  of  pressure  wave  propagation  to  about  925  ft  per  sec.  This  ve¬ 
locity  agreed  closely  with  the  measured  velocity  of  1000  ft  per  sec.  Thus 
the  actual  value  of  the  velocity  of  pressure  wave  propagation  (1000  ft  per 
sec)  was  somewhat  in  excess  of  the  velocity  (660  ft  per  sec)  required  for 
satisfying  exact  similitude  requirements. 

16.  The  model  was  initially  constructed  with  short  stub  pipes  at 
each  of  the  riser  locations.  These  stubs  were  capped,  thus  providing  a 
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series  of  branching  dead-end  pipes.  The  first  tests  indicated  that  the 
sudden  closure  of  the  valve  at  the  pumping  plant  resulted  in  a  constantly- 
increasing  pressure  from  the  valve  toward  the  headbay.  This  condition 
was  caused  by  the  reflection  of  pressure  waves  from  the  dead  ends  of  the 
small  branching  pipes  which  in  turn  increased  the  pressure  in  the  main 
sewer.  Plugs  inserted  flush  with  the  main  sewer  in  these  branch  pipes 
equalized  shock  pressures  along  the  sewer  line. 

Coefficient  of  roughness 

17.  The  coefficient  of  roughness  of  the  plastic  model  sewer  was 
determined  from  Manning's  formula  and  is  presented  on  plate  5 •  The  com¬ 
puted  average  velocities  based  on  the  flow  through  the  sewer  were  used 
in  the  computation  of  roughness  values.  The  slope  of  the  hydraulic  gra¬ 
dient  was  determined  from  piezometers  located  along  the  model  sewer. 

Water-hammer  Pressures  in  Sewer 

18.  Initial  tests  to  determine  water-hammer  pressures  were  made  with 
the  entire  length  of  sewer  constructed  of  6-in.  plastic  tubing.  No  later¬ 
als  or  risers  were  installed  and  all  short  stub  connecting  pipes  were 
plugged  as  described  in  paragraph  16.  The  quick-acting  closing  valve  was 
located  at  the  end  of  the  sewer  section  with  no  intervening  sump  chamber. 
Pressures  were  recorded  at  six  locations  along  the  sewer  (plate  2)  for 
discharges  of  1400,  1800,  and  2000  cfs  prior  to  stoppage  of  the  flow.  Re¬ 
sults  of  these  tests  (plates  6-8)  indicated  that  a  maximum  pressure  of 
approximately  4-50  lb  per  sq  in.  existed  at  all  points  for  conditions  of 
maximum  discharge.  Pressures  decreased  as  the  discharge  prior  to  valve 
closure  was  decreased. 

19.  The  lower  50  ft  of  the  6-in.  tubing  was  replaced  by  4-in.  tubing 
in  succeeding  tests  and  the  magnitude  of  the  pressure  wave  was  again  meas¬ 
ured  for  flows  of  1400,  1800,  and  2000  cfs  with  instantaneous  valve  clo¬ 
sure.  The  maximum  pressures  in  the  4-in.  line  were  approximately  2200  lb 
per  sq  in.,  whereas  the  maximum  pressures  in  the  6-in.  line  upstream  were 
only  about  750  lb  per  sq  in.  (plates  9-H)*  A  comparison  of  the  pressures 
obtained  at  the  three  discharges  is  shown  in  table  1.  Variation  in  the 
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length  of  time  of  closure  of  the  valve  to  determine  the  effect  on  water- 
hammer  pressures  in  the  line  revealed  that  for  a  closure  time  in  excess 
of  40  sec  the  resulting  water-hammer  pressures  were  negligible. 

Surges  in  Sump  of  Pumping  Station  and  Sewer 

Effect  of  sump  installation 

20.  A  chamber  reproducing  to  scale  the  proper  dimensions  and  area 
of  the  prototype  sump  of  the  pumping  station  was  installed  in  the  model. 

The  surge  relief  flap  openings,  located  near  the  top  of  the  sump,  were 
not  reproduced  initially  and  the  chamber  was  constructed  to  sufficient 
height  to  prevent  overtopping  (fig.  7).  Since  the  actual  time  of  stoppage 

of  the  prototype  pumps  was  unknown, 
it  was  assumed  that  the  time  of  stop¬ 
page  would  probably  not  exceed  2 
minutes.  A  series  of  tests  with  dis¬ 
charges  of  1400,  1800,  and  2000  cfs 
was  made  and  the  time  of  stoppage 
varied  from  1  to  156  seconds  (table 
2).  It  may  be  noted  from  this  table 
that  the  maximum  height  of  rise  of 
the  water  surface  in  the  sump  chamber 
varied  only  slightly  regardless  of 
the  length  of  time  required  to  close 
the  valve  (pump  stoppage).  Coinci¬ 
dental  with  these  tests,  measurements 
of  the  water-hammer  pressures  existing 
upline  from  the  sump  were  also  made. 
These  measurements  indicated  the  high  pressures  noted  previously  within 
the  closed  sewer  system  upstream  were  completely  relieved  by  the  sump  cham¬ 
ber  and  were  in  the  same  range  as  the  height  of  rise  of  water  in  the  sump. 

Effect  of  relief  openings 
and  pump  outlets _ 

21.  The  height  of  rise  of  water  in  the  sump  chamber,  as  described 


Fig.  7-  Sump  chamber  with  surge 
relief  valves  and  pump  outlets 
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in  the  preceding  paragraph,  exceeded  the  prototype  elevation  of  the  top 
of  the  sump  (elev  462).  Therefore,  it  was  desired  that  the  effect  of  the 
surge  relief  openings  and  the  pump  outlets  on  the  water-surface  elevation 
he  studied.  Accordingly,  the  60-in.  relief  flap  gates  were  reproduced, 
seven  with  a  center-line  elevation  of  452.0  and  one  with  a  center-line 
elevation  of  455*5*  Tests  were  made  for  varying  times  of  stoppage  for 
flows  of  1400,  1800,  and  2000  cfs.  The  height  of  rise  of  the  water  level 
in  the  sump  chamber  was  greatly  reduced  from  heights  previously  measured 
(table  3)*  Some  relief  also  will  probably  result  from  flow  through  the 
pump  inlets  and  into  the  outlet  channel  even  though  the  pumps  are  stopped. 
As  the  pump  impellers  and  fittings  will  offer  considerable  resistance  to 
this  flow,  the  assumption  was  made  that  each  pump  outlet  would  have  an 
effective  area  of  50  per  cent  of  its  actual  area.  Openings  of  the  desired 
size  were  made  in  the  sump  walls  at  the  proper  elevations.  The  previous 
tests  were  repeated  and,  as  expected,  the  height  of  rise  of  the  water  level 
in  the  sump  chamber  was  reduced  still  further  (table  4) . 

Effect  of  risers  (manholes) 

22.  The  five  principal  manholes  in  the  section  of  sewer  included  in 
the  model  limits  were  simulated  by  the  addition  of  a  vertical  riser  in¬ 
stalled  in  the  correct  location.  The  relief  openings  and  pump  outlets  in 
the  sump  chamber  were  closed  and  the  number  of  risers  was  increased  one 
at  a  time  in  succeeding  tests.  The  maximum  height  of  water  level  in  the 
sump  and  individual  risers  was  measured  for  flows  of  1400,  1800,  and  2000 
cfs  (tables  5-6).  Complete  hydrographs  of  the  surge  in  the  sump  and 
risers  were  obtained  (plate  12) .  To  study  the  effect  of  the  initial 
sump  stage  on  the  height  of  rise,  tests  were  also  conducted  with  the  ini¬ 
tial  sump  stage  varied  over  a  range  of  approximately  25  ft.  These  tests 
revealed  that  water-surface  elevations  in  the  sump  and  risers  were  paral¬ 
lel  and  varied  as  the  difference  in  elevation  between  initial  sump  stages. 
Thus  the  surge  rise  in  feet  was  the  same,  regardless  of  the  sump  stage  at 
which  flow  stoppage  was  accomplished.  The  stoppage  of  only  one  or  more 
of  the  large  pumping  units  also  could  cause  a  surge  in  the  sump  chamber 
and  risers.  Accordingly,  tests  were  made  simulating  the  closure  of  in¬ 
dividual  and  combinations  of  pumping  units.  The  maximum  heights  of  these 
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surges  are  listed  in  table  7*  As  to  be  expected,  an  increase  in  the 
amount  of  flow  stoppage  increased  the  amount  of  surge  in  the  sump  chamber 
and  in  the  sewer  upstream. 

Variation  in  sump  area 

23.  Tests  were  made  with  sump  areas  of  700,  1400,  and  2100  sq  ft  to 
study  the  effect  that  variation  of  the  area  of  the  sump  would  have  on  the 
height  of  rise  of  water  level  in  the  sewer  line  caused  by  a  stoppage  of 
the  pumping  units.  Results  of  these  tests  (tables  8-10)  indicated  that 
the  height  of  rise  was  greatly  increased  by  decreasing  the  area  of  the 
sump. 

Submergence  of  sump  outlets 

24.  The  tests  previously  described  were  made  with  the  pump  outlets 

and  relief  flap  valves  open  to  atmospheric  pressure .  In  the  prototype, 
however,  the  head  against  which  the  pumps  will  operate  could  be  above 

the  pump  outlet.  Therefore,  in  an  attempt  to  simulate  the  effect  of  an 

increase  of  the  river  stage  on  the  surge  relief  through  the  pump  outlet 
lines,  the  pump  openings  in  the  sump  chamber  were  raised  to  the  same 
elevation  as  the  flap  relief  valves  (elev  452.0).  This  increase  in  ele¬ 
vation  had  the  same  effect  as  increasing  the  river  stage.  The  area  of 
pump  openings  was  decreased  50  per  cent  as  in  previous  tests.  Tests  were 
made  for  flows  of  1100,  1400,  1600  cfs  as  requested  by  representatives 

of  the  Louisville  District.  Results  are  listed  in  table  11. 

Dispersion  of  inlet  flow 

25.  For  all  previously  described  tests,  the  total  inflow  was  in¬ 
troduced  into  the  upper  end  of  the  model.  To  investigate  the  effect  of 

dispersion  of  the  inlet  flow,  a  total  flow  of  1800  cfs  was  distributed 

between  the  five  main  laterals  included  in  the  model.  The  sudden  stop¬ 
page  of  flow  at  the  pumping  plant  resulted  in  an  increase  in  water  level 
in  the  sump  and  risers  (table  12)  which  agreed  closely  with  the  results 
obtained  when  the  total  flow  was  introduced  at  the  upper  end  of  the  model. 
Storage  of  surge  flow 

26.  All  previously  described  tests  with  the  risers  installed  were 
conducted  with  the  surge  flow  contained  within  the  risers.  To  study  the 
effect  of  permitting  the  risers  to  overflow  and  containing  the  water  in 
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storage  reservoirs,  the  riser  nearest  the  sump  chamber  (point  21)  was  cut 
off  at  elevations  of  440,  438,  and  436  ft  in  successive  tests.  For  each 
elevation  of  top  of  the  riser  and  the  complete  stoppage  of  a  flow  of  1800 
cfs,  the  maximum  elevation  attained  by  the  surge  in  each  of  the  other 
risers  was  measured.  These  tests  indicated  that  lowering  the  top  of  this 
riser  from  elev  440  to  436  had  no  effect  on  the  elevation  of  the  surge  in 
the  other  risers  (table  13).  However,  the  reduction  in  the  elevation  of 
the  riser  from  that  required  to  prevent  overflow  to  440  resulted  in  a 
considerable  reduction  in  the  maximum  elevation  of  the  surge  in  the  risers 
upline . 

27*  Tests  were  also  made  for  the  three  riser  elevations  with  the 
flow  only  partially  stopped.  These  tests  simulated  the  stoppage  of  one 
of  the  1500-hp  pumping  units.  Under  these  conditions,  only  a  slight 
rise  in  water  level  was  caused  in  the  risers  of  the  sewer  line.  The  riser 
at  point  21  was  overtopped  very  slightly  when  it  was  cut  off  at  436.0 
(table  14) . 

Area  of  risers 

28.  In  tests  to  determine  the  effect  of  area  of  risers  on  the  surge 
the  area  of  each  of  the  five  risers  or  manholes  reproduced  on  the  model 
was  increased  from  50.68  sq  ft  (prototype)  to  201  sq  ft.  The  height  of 
surge  was  then  measured  in  each  riser  for  flows  of  1400,  1800,  and  2000 
cfs.  The  maximum  height  of  surge  attained  was  approximately  the  same  as 
that  obtained  with  the  smaller  riser.  However,  the  time  required  for  the 
surge  to  reach  this  elevation  was  increased  (table  15). 

Time  of  Concentration 


29.  It  was  realized  that  the  time  of  concentration  of  flows  could 
not  be  simulated  for  the  entire  Louisville  sewer  system,  since  the  model 
reproduced  only  a  small  part  of  the  over -all  sewer  system.  However,  it 
was  considered  probable  that  some  indications  of  the  relative  charac¬ 
teristics  of  the  times  of  concentration  for  partially  full  and  for  sur¬ 
charged  sewers  could  be  demonstrated  by  the  model.  The  tests  to  investi¬ 
gate  the  time  of  concentration  were  made  in  two  phases. 
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30.  The  first-phase  tests  were  conducted  with  the  simp  and  all 
risers  installed.  An  initial  discharge  of  1100  cfs  was  used  and  the  sewer 
was  flowing  partially  full.  A  sudden  increase  in  flow  was  introduced  at 
the  upper  end  of  the  sewer  and  the  time  that  elapsed  before  the  discharge 
increased  at  the  lower  end  was  noted.  This  test  was  repeated  with  the 
sewer  initially  surcharged  (flowing  full)  by  a  flow  of  1800  cfs.  The 
elapsed  time  before  increased  flow  was  noted  at  the  pumping  station  in 
the  partially  full  sewer  was  119  sec  (prototype),  whereas  in  the  sur¬ 
charged  sewer  it  was  only  28  sec. 

31.  The  second  phase  of  the  time -of -concentration  tests  was  made 
with  the  risers  removed  and  all  openings  sealed,  thus  providing  a  closed 
conduit  from  the  upper  end  of  the  model  to  the  sump.  An  initial  flow  of 
750  cfs  was  introduced  into  the  model  so  that  the  6-in.  (model)  pipe  was 
about  one -third  full  and  the  4-in.  (model)  pipe  was  about  one -half  full. 
The  flow  of  water  was  suddenly  increased  as  before  and  the  time  for  in¬ 
creased  flow  at  the  pumping  plant  was  measured.  The  sewer  was  then  sur¬ 
charged  as  before  and  the  time  of  travel  of  the  additional  water  again 
measured.  The  time  of  travel  for  the  low  flow  was  351  sec  (prototype) 
and  for  the  high  flow  it  was  less  than  6  sec.  Thus,  it  would  appear  that 
for  conditions  of  a  surcharged  sewer  system,  increases  in  flow  at  widely 
separated  areas  would  be  reflected  almost  instantaneously  at  the  pimping 
plant.  The  time  of  concentration  would  be  affected  slightly  by  the  num¬ 
ber  of  manhole  openings  but  not  to  the  degree  expected.  This  factor  is 
important  in  the  determination  of  the  design  of  pumping  capacity  for  the 
plant . 
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PART  IV:  NARRATIVE  OF  TESTS  --PUMPING  PLANT  MODEL 


Test  Conditions 


32.  Tests  on  the  l:l6-scale  model  of  the  pumping  plant  (fig.  8) 
were  made  for  conditions  of  both  gravity  and  pump  flow.  During  initial 
tests  the  outflow  was  controlled  by  a  valve  located  in  the  discharge 


Fig.  o.  Details  of  pumping  plant  model 

sewers  downstream  from  the  pumping  plant.  River  stages  were  set  by  pie¬ 
zometers  located  in  the  sewer  lines  at  the  same  distance  below  the  pump¬ 
ing  plant  as  are  the  sewer  outlets  in  the  prototype.  These  sewer  lines 
were  later  extended  and  tests  made  with  the  river  stages  reproduced  in 
a  tailbay  at  the  end  of  the  sewer  discharge  lines. 

Original  Design 


33*  Details  of  the  original  design  of  the  pumping  plant  are  shown 
on  plate  3 •  Tests  revealed  the  distribution  of  velocities  in  the  intake 
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Fig.  9.  View  of  pumping  plant  from  north  showing  sump  chamber  in 
foreground  and  pump  discharge  channel  in  background.  Water 
surface  indicated  is  for  conditions  of  pump  flow 


Fig.  10.  Pumping  plant  from  west 
showing  pump  discharge  channel 
and  sewer  lines  on  riverward 
side  of  plant 


transition  to  be  uneven  and  losses 
in  the  outlet  transition  to  be  high 
for  conditions  of  both  pump  and 
gravity  flow.  Plates  13  and  14 
show  the  velocity  distribution  in 
the  intake  transition  and  the  out¬ 
fall  lines  for  gravity  and  pump 
flow,  respectively.  Plate  15  indi¬ 
cates  the  velocity  ranges  at  which 
the  measurements  were  made.  Losses 
in  the  discharge  channel  for  the 
pumps  also  were  very  high  because 
of  the  impediment  to  flow  afforded 
by  the  cellular-type  partition 
walls  in  the  channel  (figs.  9  and 
10). 

34.  Pressure  measurements 
throughout  the  intake  and  outlet 
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transitions  for  gravity  and  pimp  conditions  are  listed  in  tables  16-18 
while  table  19  lists  the  elevation  of  the  water  surface  in  the  various 
compartments  of  the  sump  chamber  and  pump  discharge  channel. 

Development  of  Revisions  to  Pumping  Plant 


Revised  intake  and  outlet  transitions 

35.  A  revised  transition  (plate  16)  was  installed  at  the  intake 
and  the  distribution  of  flow  was  improved  slightly,  especially  for  pump¬ 
ing  conditions,  as  evidenced  by  the  velocity  patterns  (plates  17-18). 

The  outlet  transition  to  the  existing  sewer  was  replaced  by  an  elbow  sec¬ 
tion  (plate  l6),  which  also  improved  flow  conditions  in  the  outlet  area. 
Tables  16-19  show  a  comparison  of  the  elevation  of  the  hydraulic  grade 
lines  obtained  in  the  sewer  lines  and  in  the  pumping  plant  for  both 
gravity  and  pump  flow  with  the  intake  transition  revised,  and  with  both 
intake  and  outlet  transitions  revised.  Plate  19  shows  the  locations  of 
the  piezometers.  The  gradient  at  the  upper  end  of  the  intake  transition 
was  lowered  a  maximum  of  3  ft  by  the  revision  of  the  intake  and  outlet 
transitions.  Although  the  revised  intake  transition  provided  more  even 
flow  throughout,  velocities  were  still  higher  in  the  right  portion  of 
the  transition.  However,  the  eddy  which  was  present  in  the  left  portion 
of  the  intake  transition  for  the  original  condition  (plate  14)  was  elimi¬ 
nated.  The  tests  also  indicated  that  the  upper  part  of  the  entrance  to 
the  outlet  transition  should  be  rounded  and  a  bellmouthed  entrance  pro¬ 
vided  for  the  72-in.  sewer,  as  turbulent  flow  still  existed  in  these 
areas . 

Determination  of  sump  operating  range 

36.  It  was  desired  to  maintain  the  elevation  of  the  hydraulic  grade 
line  at  the  upper  end  of  the  intake  transition  as  near  elev  4l6.k  as  pos¬ 
sible.  During  pumping  operations  this  gradient  was  controlled  by  the 
water-surface  elevation  in  the  sump.  Therefore,  it  was  necessary  to  de¬ 
termine  the  maximum  permissible  water-surface  elevation  in  the  sump  as 
well  as  the  minimum  elevation  required  to  maintain  full  flow  in  the  in¬ 
take  transition.  This  safe -operating  range  was  determined  to  be  between 
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elev  415.5  and  419.5  ft  msl  (plate  20).  Maintenance  of  a  sump  elevation 
of  415.5  eliminated  air  from  the  intake  transition.  A  sump  elevation 
higher  than  419.5  raised  the  elevation  of  the  hydraulic  grade  line  at  the 
upstream  end  of  the  transition  above  the  desired  elevation  of  4l6.4. 
Therefore,  in  order  to  maintain  the  5 -ft  operating  range  as  required  for 
efficient  operation  of  the  sump  pumps  (paragraph  5),  it  will  be  necessary 
to  lower  the  elevation  of  the  sump  and  transition  1  ft,  unless  a  differ¬ 
ent  method  of  pump  control  can  be  used. 

Tests  of  pump  intakes 

37-  Tests  were  made  to  study  the  relative  merits  of  the  draft-tube 
type  pump  intake  (fig.  11)  and  the  open-pit  type  intake  with  separator 
walls  (fig.  12  and  plate  21).  Visual  observation  made  of  the  flow  con¬ 
ditions  existing  in  the  sump  chamber  and  intakes  for  both  types  indicated 
that  flow  in  the  open-pit  intake  was  more  turbulent  than  that  in  the 
draft -tube  intake.  However,  the  relative  efficiency  curves  (plate  22)  of 
the  two  intakes  indicated  the  open-pit  setting  type  of  intake  to  be 
slightly  more  efficient  than  the  draft -tube  intake.  It  is  believed  that 
additional  tests  of  the  intakes  should  be  made  on  a  larger  scale  model 
with  the  prototype  impeller  and  pump  characteristics  reproduced,  as  the 
scale  of  this  model  and  the  absence  of  individual  pumps  would  tend  to 
disparage  the  results  obtained. 

Operation  of  pumps 

38.  A  study  of  the  effects  of  operating  various  combinations  of 
pumps  was  made  with  both  the  draft -tube  and  open-pit  type  intakes  in¬ 
stalled.  In  each  series  of  tests  the  sump  level  was  maintained  between 
elev  417  and  422  and  the  outfall  sewer  was  allowed  to  flow  free  (no  river 
control).  The  first  test  consisted  of  starting  the  pumps  in  succession, 
beginning  with  the  riverside  pump  and  progressing  toward  the  landside 
pump.  The  discharge  of  those  pumps  already  operating  did  not  change  as 
additional  pumps  were  started.  No  turbulence  was  observed  in  the  sump 
until  the  next  to  last  pump  on  the  landside  was  started,  at  which  time  a 
marked  increase  in  turbulence  was  noted  in  the  sump.  This  turbulence  was 
greatly  increased  when  the  most  landward  pump  was  started. 

39*  When  the  order  of  starting  the  pumps  was  reversed,  i.e.,  the 
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Fig.  11.  Draft-tube  type  Fig.  12.  Open-pit  type 

pump  intakes  pump  intakes 

pumps  were  turned  on  from  the  landside  to  the  riverside,  considerable 
turbulence  was  noted  when  the  first  pump  was  started  and  existed  through¬ 
out  the  rest  of  the  test.  Numerous  other  combinations  of  pumps  also  were 
investigated  and  the  effects  noted.  The  starting  of  additional  pumps 
had  no  effect  on  the  capacity  of  the  pumps  already  operating,  regardless 
of  the  pumping  combination  used.  The  only  effect  noted  for  any  test  was 
the  turbulence  as  discussed  above.  This  turbulent  condition  is  not  be¬ 
lieved  sufficiently  great  to  warrant  revision  of  the  design. 

Enlargement  of  sluice  gate 

40.  As  the  losses  through  the  pumping  plant  for  gravity  flow  were 
still  slightly  higher  than  considered  desirable,  one  of  the  sluice  gates 
between  the  lower  end  of  the  sump  and  the  exit  channel  was  enlarged 
(plate  23).  The  enlargement  of  the  gate  reduced  the  elevation  of  the 
water  surface  in  the  sump  which  in  turn  reduced  the  elevation  of  the  hy¬ 
draulic  grade  line  at  the  upper  end  of  the  intake  transition  to  elev 
4l6.9  (table  20).  The  water-surface  elevations  in  the  sump  and  discharge 
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channel  were  also  equalized  (compartments  6,  iL,  and  15,  table  21).  No 
further  revisions  were  made  to  lower  the  gradient  for  gravity  flow,  as 
representatives  of  the  Louisville  District  stated  that  the  gradient  was 
satisfactory  and  any  additional  lowering  desired  could  be  obtained  by 
streamlining  the  entrances  to  the  outfall  sewers . 

Revisions  to  pump  discharge  channel 

hi.  Several  revisions  were  made  to  the  pump  discharge  channel  in 
order  to  increase  its  capacity.  The  first  of  these  revisions  consisted 
of  removing  the  two  baffle  walls  in  the  west  exit  channel  and  putting  an 
ogee  crest  just  below  the  step-down  at  the  lower  end  of  the  south  dis¬ 
charge  channel  (fig.  13)*  A  L5-degree  fillet,  2  ft  on  a  side,  was  also 
added  to  the  southwest  corner  of  the  pumping  plant  (plate  23).  These 
revisions  increased  the  maximum  discharge  capacity  at  high  river  stages 
from  575  cfs  to  7^0  cfs  and  reduced  the  turbulence  in  the  west  discharge 
channel.  Later  tests  indicated  that  the  ogee  section  below  the  south 
channel  was  not  required  and  it  was  removed  from  the  model.  The  capacity 
of  the  discharge  channel  for  high  river  stages  was  further  increased  to 
920  cfs  by  cutting  a  10-ft  by  10-ft  relief  opening  in  the  riverside  of 
the  southwest  corner  (fig.  l^) .  The  hydraulic  grade  line  in  the  sewer 
below  the  pumping  plant  and  the  water-surface  elevations  in  the  discharge 
channel  obtained  during  these  tests  are  indicated  in  tables  22  and  23, 
respectively. 

b2.  The  required  pump  discharge  of  1200  cfs  with  a  river  stage  of 
^58.3  ft  was  not  obtained  by  the  preceding  revision.  The  baffle  walls  in 
the  south  discharge  channel  still  caused  excessive  losses.  Therefore, 
that  portion  of  the  south  wall  baffle  walls  above  elev  LL5.O  was  removed. 
Although  this  revision  increased  the  capacity  of  the  discharge  channel 
to  the  required  amount,  flow  in  this  channel  was  still  turbulent .  Ac¬ 
cordingly,  all  of  the  baffle  walls  were  removed  from  the  discharge  chan¬ 
nel  and  tests  were  made  for  various  pump  flows  (table  2b).  Since  sup¬ 
porting  members  were  required  in  the  discharge  channel,  however,  twelve 
2-ft-sq  horizontal  struts  were  installed.  Tests  made  to  determine  the 
effect  of  these  struts  on  flow  conditions  (table  25)  revealed  no  obstruc¬ 
tion  to  flow. 


WALLS  IN 
CHANNEL 


Fig.  13«  View  of  baffle  walla  in  pumping  plant 
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Baffle  partition  walls  in 
sump  chamber _ 

^3-  In  an  attempt  to  reduce  surges  in  the  sump  chamber,  the  baffle 
partition  walls  in  the  sump  chamber  were  lowered  from  elev  420  to  elev 
415.  Tests  were  made  for  both  pump  and  gravity  flow.  These  tests  re¬ 
vealed  no  apparent  improvement  in  flow  conditions  in  the  sump  and  no  ef¬ 
fect  on  the  pressure  readings  formerly  obtained  (tables  26-27).  The 
baffle  partition  walls  were  then  completely  removed  and  no  change  in 
sump  action  was  noticed. 

Sewer  Line  Riverward  of  Pumping  Plant 


44.  The  hydraulic  grade  lines  for  all  flows  during  initial  tests 
were  maintained  by  a  valve  at  the  lower  end  of  the  model  (plate  3) j  as 
only  45  ft  (prototype)  of  the  outfall  sewers  were  reproduced  below  the 
pumping  plant.  An  analysis  was  made  of  the  losses*  occurring  in  the  out¬ 
fall  lines  for  both  gravity  and  pump  flow  (tables  28-29)  and  of  the  com¬ 
puted  hydraulic  grade  line  elevation  at  the  upper  end  of  the  outfall  sewer 
as  compared  to  that  used  in  the  model  (table  30) •  These  analyses  indi¬ 
cated  that  the  control  elevations  used  during  the  model  study  for  gravity 
flows  of  1800  cfs  and  pump  flows  of  1200  cfs  were  fairly  close  to  the 
computed  elevations,  although  the  elevation  of  the  grade  line  used  for 
pump  flow  of  1800  cfs  was  too  low. 

45.  Accordingly,  the  outfall  sewers  were  extended  in  accordance 
with  plans  furnished  by  the  Louisville  District  (fig.  5)  and  a  series  of 
tests  was  made  to  determine  the  hydraulic  grade  lines  for  various  operat¬ 
ing  conditions.  The  following  data  were  obtained  with  the  model  condi¬ 
tions  as  indicated: 

a.  Hydraulic  grade  line  existing  in  the  10-ft-7-in.  by  10-ft- 
1/2  -in.  sewer  without  the  pumping  plant  installed  for  a 
discharge  of  1800  cfs  and  river  stage  elevations  of  382.5 
and  427.2  (plate  24). 


*  Losses  in  miter  bends  determined  from  curve  contained  in  "Energy  Loss 
in  Smooth-  and  Rough -Stirfaced  Bends  and  Curves  in  Pipe  Lines,"  by 
Werner  Schubait. 
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b.  Hydraulic  grade  lines  existing  in  the  sewer  and  through  the 
pumping  plant  for  gravity  flow  of  1800  cfs  and  river  stages 
of  382.5,  412.0,  and  427.2  (plate  25). 

£.  Hydraulic  grade  lines  in  sewer  for  pump  flows  of  1800  and 
1200  cfs  at  river  stage  elevations  of  430  and  458.3,  re¬ 
spectively  (plate  26). 

Velocities  were  measured  for  all  the  above  flow  conditions  and  the  dis¬ 
tribution  of  flow  between  the  existing  horseshoe -shaped  sewer  and  the 
proposed  72-in.  circular  sewer  was  computed  (table  3^)* 

46.  Negative  pressures  were  measured  in  the  sewer  lines  during 
some  of  the  above  tests,  which  indicated  that  the  sewer  lines  had  devel¬ 
oped  siphonic  action.  The  model  was  revised  by  the  addition  of  vents 
(fig.  5)  &nd  tests  were  made  as  indicated  below.  Hydraulic  grade  lines 
were  determined  for: 

a.  Existing  conditions  without  the  pumping  plant,  a  flow  of 
1800  cfs  and  a  river  stage  of  382.5*  Vent  installed  in 
existing  sewer  at  sta  0+00  (plates  24  and  27).* 

b.  Pumping  plant  installed  with  1800-cfs  gravity  flow  and 
river  stage  of  382.5*  Vent  installed  in  existing  sewer 
at  sta  0+00  and  in  72-in.  proposed  sewer  at  sta  5+60 
(plate  27)* 

c.  Pumping  plant  installed  with  l800-cfs  gravity  flow  and  a 
river  stage  of  382.5.  Vents  installed  in  existing  sewer 
at  sta  0+00,  5+40,  and  in  72-in.  sewer  at  sta  5+60  (plate 
28).  Hydraulic  grade  lines  were  not  obtained  for  river 
stages  of  412.0  and  427*2  as  the  addition  of  air  vents  did 
not  change  the  grade  lines  previously  obtained  without  vents. 

The  above  tests  indicated  that  the  outfall  sewers  should  be  vented  to 
obtain  the  desired  capacity  for  gravity  flow.  Velocity  cross  sections 
were  taken  in  the  outfall  lines  for  the  various  flow  conditions  and  the 
flow  distribution  (between  the  two  outfall  lines)  was  improved  (table 
31). 


*  Station  0+00  located  at  piezometer  1,  247.34  ft  upstream  from  pumping 
plant . 
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PART  V:  DISCUSSION  OF  TEST  RESULTS 

Surge  Model 

47.  The  simplified  model  of  the  Southern  Outfall  Sewer  was  con¬ 
structed  for  the  purpose  of  obtaining  basic  data  regarding  surge  action 
to  be  expected  in  a  sewer  system  embracing  a  main -line  sewer  and  several 
laterals  and  risers.  Initial  studies  were  conducted  to  determine  the 
water-hammer  pressures  encountered  in  a  closed  line  and  the  amount  of 
relief  afforded  these  pressures  by  the  addition  of  an  open  sump  and 
risers.  Additional  studies  made  to  determine  the  effect  of  varying  the 
time  of  complete  stoppage  of  pump  discharge  on  the  height  of  surge  in 
the  sump  and  risers  indicated  that  within  certain  limits  this  variation 
in  time  made  no  appreciable  difference  in  the  height  of  surge  produced. 

48.  The  model  tests  also  indicated  that  with  the  Southern  Outfall 
Sewer  as  originally  designed  the  possibility  existed  of  large  and  de¬ 
structive  surges  developing  in  the  pumping  plant  sump  and  along  the  lower 
reaches  of  the  main  sewer.  High  or  moderately  high  surges  could  develop 
under  certain  circumstances,  not  only  from  total  shutdown  of  the  pumping 
plant,  but  also  from  shutdown  of  individual  pump  units.  Model  tests  in¬ 
dicated  that  the  pumping  plant  itself  could  be  protected  from  damage  due 
to  surges  in  the  sump  by  installation  of  surge  relief  valves  or  flap  gates 
that  would  open  and  allow  discharge  direct  to  the  river.  However,  these 
features  would  not  protect  the  area  upline  from  the  sump.  Some  reduction 
in  surge  upline  from  the  sump  appears  possible  by  permitting  overflow  of 
risers  (manholes)  into  storage  areas  constructed  for  the  purpose.  The 
results  of  the  time -of -concentration  study  of  flow  at  the  pumping  plant 
from  the  various  areas  of  the  sewer  system  indicate  that,  if  the  sewer 

is  under  pressure  as  planned,  a  flow  increase  from  any  of  the  areas  would 
be  reflected  in  increased  flow  at  the  pumping  plant  almost  immediately. 

The  number  of  manholes  tend  to  cause  a  slight  time  lag  but  not  enough 
to  be  a  serious  factor  in  design  considerations. 

49.  The  results  obtained  from  the  model  study  have  been  compared 
with  the  results  obtained  from  a  method  developed  by  the  Ohio  River 
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Division*  for  analytically  determining  the  surge  heights  in  a  simple 
sewer  system.  The  model  and  computed  data  compare  favorably,  thus  per¬ 
mitting  an  analytical  computation  to  be  made  of  the  surges  to  be  expected 
in  the  Southern  Outfall  Sewer,  rather  than  determining  these  surges  from 
a  more  extensive  model  study. 

Pumping  Plant  Model 

50.  Model  tests  of  the  State  Fairgrounds  Pumping  Plant  indicated 
that  the  original  design  did  not  produce  the  desired  results.  The  in¬ 
take  and  outlet  transitions  were  revised  in  order  to  reduce  flow  losses 
through  the  pumping  plant  for  gravity  flow.  The  gate  openings  between 
the  sump  chamber  and  the  pump  discharge  chamber  were  enlarged  in  order 
to  lower  the  hydraulic  grade  line  at  the  upper  end  of  the  intake  transi¬ 
tion  to  the  desired  elevation.  The  cellular  construction  of  the  pump 
discharge  channel  as  originally  designed  restricted  the  flow  during  high 
river  stages  to  such  an  extent  that  only  approximately  one-half  the  de¬ 
sired  discharge  could  be  passed  at  high  river  stages.  The  recommended 
design  included  the  removal  of  all  baffle  walls  in  the  pump  discharge 
chamber  to  accommodate  the  desired  discharge.  In  addition,  a  relief  open¬ 
ing  was  recommended  for  direct  passage  of  flow  from  the  plant  to  the 
river  during  high  river  stages. 

51.  A  study  of  the  relative  merits  of  the  draft-tube  and  open-pit 
setting  types  of  pump  intakes  indicated  that  the  open-pit  setting  was 
slightly  more  desirable,  although  additional  model  tests  are  recommended 
before  accepting  these  results  as  conclusive.  Tests  also  indicated  that 
the  pumps  could  be  operated  in  any  desired  combination  without  affecting 
the  discharge  of  any  other  pumps  in  the  plant.  A  series  of  tests  made 
on  the  outfall  lines  indicated  the  desirability  of  venting  these  lines 
and  of  possibly  increasing  the  size  of  the  proposed  72-in.  line  to  im¬ 
prove  distribution  of  flow  further. 

52.  During  the  course  of  the  tests,  consideration  was  given  to  the 
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location  of  the  pumping  plant  immediately  over  the  existing  sewer  align¬ 
ment.  This  location  should  simplify  intake  transition  problems;  however, 
no  tests  were  made  with  the  plant  in  this  position. 


Table  1 


WATER-HAMMER  PRESSURES  IN  SEWER 
Pumping  Plant  Omitted 


Prototype  Pressure  - 

Pounds  Per  Square 

Inch 

Discharge 

=  1400  cfs 

Discharge 

=  1800  cfs 

Discharge 

=  2000  cfs 

Location 

6 -in.  Tubing 

Lower  Section 

4 -in.  Tubing 

6 -in.  Tubing 

Lower  Section 

4- in.  Tubing 

6 -in.  Tubing 

Lower  Sectioi 
4-in.  Tubing 

Protection 

356 

1542 

519 

2000 

565 

2200 

levee 

*Pt  21 

_  _  _ 

6ll 

_  _  _ 

_ 

_  _  _ 

912 

(4-in. 

Sect) 

Pt  21 

307 

512 

393 

685 

456 

736 

Pt  20 

282 

486 

374 

627 

457 

714 

Pt  19 

288 

544 

390 

695 

465 

771 

Pt  18 

303 

512 

403 

646 

486 

727 

Pt  17 

290 

551 

437 

690 

454 

742 

Notes:  Time  of  valve  closure  =  0.944  seconds. 

No  laterals  or  risers . 

All  values  are  in  prototype  units  except  size  of  tubing. 


*  This  pressure  cell  added  when  lower  end  was  changed  to  4-in.  tubing. 


Table  2 


EFFECT  OF  TIME  OF  VALVE  CLOSURE  ON  WATER -SURFACE  ELEVATIONS  IN  SUMP 

No  Surge  Relief  Openings 


Discharge  =  1400 
Velocity  =  15-89  fps  in 

cfs 

4- in.  Line 

Discharge  =  1800 
Velocity  =  20.44  fps  in 

cfs 

4 -in.  Line 

Discharge 
Velocity  =  22.35 

=  2000  cfs 

fps  in  4 -in.  Line 

Time  of 

Valve  Closure 

Max* 

Time  of 

Valve  Closure 

Max* 

Time  of 

Valve  Closure 

Max* 

Seconds 

Elev 

Seconds 

Elev 

Seconds 

Elev 

0.94 

468.30 

0.94 

485.90 

0.94 

495.20 

3-96 

468.48 

6.79 

485.60 

5.66 

497.28 

10.19 

468.38 

19.24 

485.60 

33.96 

496.80 

39-05 

468.32 

47.54 

485.12 

57-17 

496.64 

78.11 

467.42 

81.50 

484.48 

93.39 

495.52 

109.24 

467.20 

96.22 

484.16 

156.22 

494.88 

135.84 

466.40 

136.41 

483.20 

All  values  are  in  prototype  units  except  size  of  sewer  line. 
Lower  end  of  model  constructed  of  4-in.  tubing. 

*Water-surface  elevation  in  sump  at  4-20.0  msl  prior  to 
beginning  of  tests. 


Notes: 


Table  3 


EFFECT  OF  RELIEF  OPENINGS  ON  WATER-SURFACE  ELEVATION  IN  SUMP 


Discharge  =  1400 
Velocity  =  15-89  fps  in 

cfs 

4 -in.  Line 

Discharge  =  1800  cfs 

Velocity  =  20.44  fps  in  4 -in.  Line 

Discharge  =  2000 
Velocity  =  22.35  fps  in 

cfs 

4 -in.  Line 

Time  of 

Time  of 

Time  of 

Valve  Closure 

Max* 

Valve  Closure 

Max* 

Valve  Closure 

Max* 

Seconds 

Elev 

Seconds 

Elev 

Seconds 

Elev 

2.8 

453-8 

2.8 

455-7 

4-5 

457-0 

14.2 

453-8 

38-5 

455-7 

41.3 

456.8 

33-4 

453-8 

65.I 

455-7 

106.4 

456.6 

78.7 

453-6 

97-4 

455-7 

152.8 

456.6 

118.9 

453-6 

133-6 

455-4 

Notes:  All  values  are  in  prototype  units  except  size  of  sewer  line. 
Lower  end  of  model  constructed  of  4-in.  tubing. 

*Water -surface  elevation  in  sump  at  420.0  ft  msl  prior  to 
beginning  of  tests. 


Table  4 


EFFECT  OF  RELIEF  OPENINGS  AND  PUMP  OUTLETS 
ON  WATER-SURFACE  ELEVATION  IN  SUMP 


Discharge  =  1400  cfs 

Velocity  =  15.89  fps  in  4 -in.  Line 

Discharge  =  1800  cfs 

Velocity  =  20.44  fps  in  4-in.  Line 

Discharge 
Velocity  -  22.35 

-  2000  cfs 

fps  in  4 -in.  Line 

Time  of 

Valve  Closure 
Seconds 

Max* 

Elev 

Time  of 

Valve  Closure 

Seconds 

Max* 

Elev 

Time  of 

Valve  Closure 

Seconds 

Max* 

Elev 

2.8 

444.5 

4.0 

451.2 

4.0 

452.2 

23.8 

444.5 

20.4 

451.2 

36.8 

452.2 

54.9 

444.2 

49.8 

450.9 

52.1 

452.2 

78.1 

444.2 

74.8 

450.9 

90.6 

452.2 

125.I 

443.2 

121.7 

450.9 

140.4 

451.8 

134.1 

450.7 

Notes:  All  values  are  in  prototype  units  except  size  of  sewer  line. 
Lower  end  of  model  constructed  of  4-in.  tubing. 

*Water -surface  elevation  in  sump  at  420.0  ft  msl  prior  to 
beginning  of  tests. 


Table  5 


EFFECT  OF  RISERS  ON  MAXIMUM  SURGES  IN  SUMP  AND  SEWER  LINE 


Water- 

surface  Elevation  msl 

Condition 

Discharge  =  1400  cfs 

Elev  Upper  Pool  =  442.5 

Discharge  =  1800  cfs 

Elev  Upper  Pool  =  455*0 

Discharge  =  2000  cfs 

Elev  Upper  Pool  =  465.0 

and 

Location 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 

Seconds 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Sump  -  No  risers 

Sump 

420.0 

468.5 

130 

420.0 

485.6 

136 

420.0 

495.2 

— 

Sump  -  1  riser 

Sump 

420.0 

469.0 

132 

420.0 

485.3 

136 

420.0 

495.4 

l4l 

Pt  21 

433.9 

463.5 

127 

441.1 

479*0 

136 

446.1 

488.7 

139 

Stamp  -  2  risers 

Sump 

420.0 

469.0 

130 

420.0 

485.1 

136 

420.0 

494.9 

l4l 

Pt  21 

433*8 

463.9 

127 

441.1 

479*5 

130 

446.3 

488.8 

133 

Pt  19 

43  6.6 

455*7 

127 

444.8 

470.1 

133 

451.8 

479.4 

130 

Stamp  -  3  risers 

Sump 

420.0 

468.8 

133 

420.0 

485.3 

136 

420.0 

495.8 

l4o 

Pt  21 

433*6 

463.5 

133 

441.3 

479.3 

138 

446.1 

488.8 

l4o 

Pt  19 

436.5 

456.0 

133 

445.8 

470.3 

136 

451.6 

479.7 

i4o 

Pt  17 

439.6 

448.5 

133 

450.3 

462.0 

136 

457.5 

470.6 

l4l 

Notes:  All  values  are  in  prototype  units. 

Area  of  sump  =  2100  sq  ft. 

Area  of  risers  =  50*68  sq  ft  each. 

Time  of  valve  closure  approximately  3  seconds. 


Table  6 


MAXIMUM  SURGES  IK  SUMP  AND  SEWER  LIKE 
WITH  5  RISERS  INSTALLED 


Water-surface  Elevation  msl 


Discharge  =  1400  cfs  Discharge  =  1800  cfs  Discharge  =  2000  cfs 

Elev  Upper  Pool  =  1-3 6.5  Elev  Upper  Pool  =  450.0  Elev  Upper  Pool  =  458.5 


Location 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Sump 

415.0 

465.0 

l4l 

415.0 

480.8 

141.4 

415.0 

490.5 

135.8 

Pt  21 

1+29.0 

459-5 

147 

435.8 

474.0 

135.8 

441.3 

483-5 

135.8 

Pt  20 

429.8 

456.2 

146.8 

437.2 

470.5 

135.8 

443.3 

479.8 

135.8 

Pt  19 

432.1 

452.5 

146.9 

440.8 

.466.0 

135.8 

447.0 

475.3 

135.8 

Pt  18 

434.1 

477.8 

147 

444.0 

460.8 

135.8 

450.9 

469.5 

135.8 

Pt  17 

435.5 

445.3 

147 

445.8 

458.3 

135.8 

453-5 

467.0 

135.8 

Notes:  All  values  are  in  prototype  units. 

Area  of  sump  =  2100  sq  ft. 

Area  of  each  riser  =  50.68  sq  ft. 

Time  of  valve  closure  approximately  1  second. 

Time  of  rise  measured  from  the  time  valve  is  completely  closed. 
Risers  installed  at  points  17,  18,  19,  20,  and  21. 


Table  7 


MAXIMUM  SURGES  IN  SUMP  AND  SEWER  LINE 
FOR  PARTIAL  REDUCTIONS  OF  FLOW 
Initial  Discharge  1800  cfs 


Maximum  Water -surface  Elevations 


Units  Stopped  as  Indicated 


One  1$00- 


Two  1500 -hp 
and  One 


Three  l$00-hp 
and  One 


hp  Pump  $00 -hp  Pumps  $00 -hp  Pumps 


Location 

Normal 

Elev 

Max 

Elev 

Time  of 
Rise 
Seconds 

Max 

Elev 

Time  of 
Rise 
Seconds 

Max 

Elev 

Time  of 
Rise 
Seconds 

Sump 

420.0 

432.8 

l4l 

441.1 

130 

461.6 

130 

Point  21 

441.1 

446.2 

62 

453.9 

96 

466.1 

130 

Point  19 

44$.  4 

448.1 

62 

4$o.4 

96 

4$6.8 

130 

Point  17 

4$0.2 

4$1.7 

96 

4$3.5 

130 

4$7 .7 

130 

Notes:  All  values  are  in  prototype  units. 

Sump  and  risers  at  points  17,  19,  and  21  installed  in  model. 
Area  of  sump  =  2100  sq  ft. 

Area  of  risers  =  $0.68  sq  ft  each. 

Discharge  =  1800  cfs;  elev  upper  pool  =  4$$.0  ft  msl. 

Time  of  valve  closure  approximately  3  seconds. 

Capacity  of  l$00-hp  pump  was  386  cfs. 

Capacity  of  $00-hp  pump  was  128  cfs. 


Table  8 


MAXIMUM  SURGES  IK  SUMP  AND  SEWER  LIKE 
Sump  Area  =  700  sq.  ft 


Water -surface  Elevation  msl 


Discharge  =  1400  cfs  Discharge  =  1800  cfs  Discharge  =  2000  cfs 

Elev  Upper  Pool  =  436.$  Elev  Upper  Pool  =  450.0  Elev  Upper  Pool  =  458.5 


Location 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Sump 

415.0 

490.0 

74 

415.0 

514.5 

76 

415.0 

527.5 

79 

Pt  21 

429.0 

478.0 

79 

436.0 

498.9 

82 

441.3 

512.0 

82 

Pt  20 

429.5 

473.5 

85 

438.2 

493.5 

85 

443.0 

505.0 

88 

Pt  19 

432.0 

464.5 

85 

441.0 

483.5 

85 

447.0 

494.3 

88 

Pt  18 

434.0 

456.2 

88 

444.0 

472.6 

90 

450.3 

482.7 

89 

Pt  17 

435.0 

451.5 

91 

445.9 

467.5 

94 

453.0 

476.7 

90 

Notes:  All  values  are  in  prototype  units. 

Area  of  each  riser  =  50.68  sq.  ft. 

Time  of  valve  closure  approximately  1  second. 

Time  of  rise  measured  from  the  time  valve  is  completely  closed. 
Risers  installed  at  points  17,  18,  19,  20,  and  21. 


Table  9 


MAXIMUM  SURGES  IN  SUMP  AND  SEWER  LINE 
Sump  Area  =  1400  Sq  Ft 


Water -surface  Elevation  msl 


Discharge  =  1400  cfs  Discharge  =  1800  cfs  Discharge  =  2000  cfs 

Elev  Upper  Pool  =  436. 3  Elev  Upper  Pool  =  450.0  Elev  Upper  Pool  =  498.3 


Location 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Sump 

415.0 

472.0 

107 

415.0 

490.0 

105 

415.0 

502.9 

130 

Pt  21 

429.6 

462.8 

96 

436.0 

480.2 

96 

441.3 

492.2 

130 

Pt  20 

430.0 

460.2 

85 

436.5 

476.2 

91 

443.1 

486.8 

130 

Pt  19 

432.0 

455.5 

88 

441.0 

470.5 

88 

447.0 

480.5 

130 

Pt  18 

434.0 

448.0 

85 

444.0 

463.1 

85 

451.2 

472.8 

130 

Pt  17 

435.0 

446.0 

85 

445.8 

460.0 

85 

453.6 

469.5 

130 

Notes:  All  values  are  in  prototype  units. 

Area  of  each  riser  =  50*68  sq  ft. 

Time  of  valve  closure  approximately  1  second. 

Time  of  rise  measured  from  the  time  valve  is  completely  closed . 
Risers  installed  at  points  17,  18,  19,  20,  and  21. 


Table  10 


MAXIMUM  SURGES  IK  SUMP  AKD  SEWER  LINE 
Sump  Area  =  2100  sq  ft 


Water-surface  Elevation  msl 


Discharge  =  1400  cfs  Discharge  =  l800  cfs  Discharge  =  2000  cfs 

Elev  Upper  Pool  =  43 6.5  Elev  Upper  Pool  =  455.0  Elev  Upper  Pool  =  458.5 


Location 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Sump 

415.0 

464.0 

l4l 

415.0 

48o.o 

l4l 

415.0 

^90.5 

136 

Pt  21 

429*0 

459*0 

147 

435*8 

474.0 

136 

441.3 

483-5 

136 

Pt  20 

430.0 

456.0 

147 

437*2 

.  470.5 

136 

443.3 

479.8 

136 

Pt  19 

432.0 

452.0 

147 

440.8 

466.0 

136 

447.0 

475.3 

136 

Pt  18 

434.0 

447*0 

147 

444.0 

460.8 

136 

450.9 

469.5 

136 

Pt  17 

435.0 

445.0 

147 

445.8 

458.3 

136 

453.5 

467.0 

136 

Notes:  All  values  are  in  prototype  units. 

Area  of  each  riser  =  50*68  sq  ft. 

Time  of  valve  closure  approximately  1  second. 

Time  of  rise  measured  from  the  time  valve  is  completely  closed . 
Risers  installed  at  points  17,  18,  19,-  20,  and  21. 


Table  11 


MAXIMUM  SURGES  IN  SUMP  AND  SEWER  LINE 
Pump  Outlets  and  60-in.  Relief  Openings  Installed  at  Same  Elevation 


Water -surface  Elevation  msl 


Discharge  =  1100  cfs  Discharge  =  1400  cfs  Discharge  =  1600  cfs 

Elev  Upper  Pool  =  4-32.0  Elev  Upper  Pool  =  436.5  Elev  Upper  Pool  =  442.5 


Location 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Sump 

415.0 

438.0 

96 

415.0 

452.5 

91 

415.0 

453.0 

85 

Pt  21 

425-5 

438.O 

110 

428.0 

452.0 

91 

431.5 

454.2 

85 

Pt  20 

426.0 

441.0 

l4l 

429.2 

450.0 

91 

432.5 

452.8 

85 

Pt  19 

428.0 

443.5 

i4t 

431.6 

448.0 

91 

435.7 

450.7 

85 

Pt  18 

429-0 

444.0 

192 

433.0 

445.0 

124 

437.8 

448.0 

88 

Pt  17 

430.0 

444.0 

221 

434.0 

444.0 

124 

438.5 

446.0 

91 

Notes:  All  values  are  in  prototype  units. 

Area  of  sump  =  2100  sq  ft. 

Area  of  risers  =  50.68  sq  ft. 

Time  of  valve  closure  approximately  1  second. 

Time  of  rise  measured  from  the  time  the  valve  is  completely  closed. 
Risers  installed  at  points  IT,  l8,  19,  20,  and  21. 

All  openings  in  sump  at  elevation  452.0  ft  msl. 


Table  12 


EFFECT  OF  DISPERSION  OF  INFLOW  ON  MAXIMUM  SURGES 
IN  SUMP  AND  SEWER  LINE 


Water-surface  Elevation  msl 


Total  Discharge  at  Sump  =  1800  cfs 
Lateral  _ Elev  Upper  Pool  =  450.0 _ 


Location 

Inflow 

cfs 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Sump 

— 

415.0 

480.0 

142 

Pt  21 

98 

435-8 

473-5 

142 

Pt  20 

24 

^37-5 

469.5 

142 

Pt  19 

136 

440.6 

464.0 

142 

Pt  18 

64 

444.0 

459.0 

142 

Pt  17 

204 

445.0 

458.0 

142 

Notes:  All  values  are  in  prototype  units. 

Area  of  manhole  =  50.68  sq  ft. 

Area  of  sump  =  2100  sq  ft. 

Time  of  valve  closure  approximately  1  second. 

Time  of  rise  measured  from  the  time  the  valve  is  completely 
closed . 

Risers  installed  at  points  17,  18,  19,  20,  and  21. 

A  discharge  of  1274  cfs  introduced  in  main  sewer  upstream 
from  Pt  17. 


Table  13 


EFFECT  OF  OVERTOPPING  RISER  AT  POINT  21  ON 
MAXIMUM  SURGES  IN  SUMP  AND  SEWER  LINE 


Water- surface  Elevation  msT 


Discharge  =  mOQ  cfs  ~  Elev  Upper  Pool  =  450.0 
Elev  Top  of  Riser  =  440.6  Elev  Top  of  Riser  =  438 .~0~  Elev  Top  of  Riser  =  436 To 


Location 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 

Seconds 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Sump 

415.0 

462.6 

113 

415.0 

461.8 

113 

415.0 

461.3 

116 

Pt  21 

435-4 

— 

435.5 

— 

^35.5 

— 

Pt  20 

437.2 

455.3 

l4l 

437.2 

455.5 

l4l 

437.2 

455.5 

158 

Pt  19 

440.5 

455.0 

i4l 

440.5 

454.0 

l4l 

440.5 

455.0 

158 

Pt  18 

443.8 

453.0 

l4l 

443.8 

453.0 

l4l 

443.8 

453.0 

158 

Pt  17 

445.5 

453.0 

i4i 

445.5 

453.0 

170 

445.5 

453.5 

181 

Notes:  All  values  are  in  prototype  units. 

Area  of  sump  =  2100  sq  ft . 

Area  of  risers  =  50.68  sq  ft. 

Time  of  valve  closure  approximately  1  second . 

Time  of  rise  measured  from  the  time  the  valve  is  completely  closed. 
Risers  installed  at  points  17,  l8,  19,  20,  and  21. 


Table  14 


EFFECT  OF  OVERTOPPING  RISER  AT  POINT  21  ON  MAXIMUM  SURGES  IN  SUMP  AND  SEWER  LINE 

Stoppage  of  One  1500-hp  Punrp  (386  cfs) 


Water-surface  Elevation msl 


Location 

Discharge  = 

1800  cfs 

-  Elev  Upper  Pool  =  450.0 

Elev  Top  of  Riser  =  440.0 

Elev  Top  of  Riser  =  438.0 

Elev  Top  of  Riser 

=  436.0 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Normal 

Elev 

Max  Time  of  Rise 
Elev  Seconds 

Sump 

415.0 

4l6.0 

5T 

415.0 

4l6.0 

5T 

415.0 

4l6.o 

5T 

Pt  21 

435-5 

436.5 

85 

435.5 

436.5 

85 

435.5 

— 

Pt  20 

43T-2 

438.2 

113 

43T-2 

438.2 

113 

43T.2 

438.0 

68 

Pt  19 

440.5 

441.5 

141 

440.5 

441.5 

l4l 

440.5 

441.0 

96 

Pt  18 

443.8 

444.5 

l4l 

443.8 

444.5 

l4l 

443.8 

443.8 

— 

Pt  IT 

'445.5 

445.5 

— 

445.5 

445.5 

— 

445.5 

445.5 

-  — 

Notes:  All  values  are  in  prototype  units. 

Area  of  sump  =  2100  sq  ft 
Area  of  risers  =  50.68  sq  ft 

Time  of  partial  valve  closure  approximately  1  second. 

Time  of  rise  measured  from  the  time  the  valve  movement  is  completely  stopped . 
Risers  installed  at  points  IT,  18,  19,  20,  and  21. 


Table  15 


MAXIMUM  SURGES  IN  SUMP  AND  SEWER  LINE 
Area  of  Risers  =  201  sq  ft 

Water -Surface  Elevation  msl 


Discharge  =  1400  cfs  Discharge  =  1800  cfs  Discharge  =  2000  cfs 

Elev  Upper  Pool  =  436.5  Elev  Upper  Pool  =  450.0  Elev  Upper  Pool  =  458.5 


Location 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Normal 

Elev 

Max 

Elev 

Time  of  Rise 
Seconds 

Sump 

415.0 

463.5 

141 

415.0 

479.9 

153 

415.0 

489.0 

164 

Pt  21 

429.0 

458.O 

153 

435.8 

472.5 

153 

440.0 

481.9 

164 

Pt  20 

430.0 

456.4 

153 

437.6 

470.9 

158 

442.0 

479.5 

170 

Pt  19 

432.0 

452.2 

164 

440.6 

466.3 

170 

446.0 

474.1 

175 

Pt  18 

435.0 

448.0 

164 

444.0 

461.7 

170 

449.5 

468.7 

181 

Pt  17 

435.5 

446.0 

170 

445.8 

459-1 

170 

452.0 

466.2 

181 

Notes:  All  values  are  in  prototype  units. 

Area  of  sump  =  2100  sq  ft. 

Time  of  valve  closure  approximately  1  second. 

Time  of  rise  measured  from  the  time  the  valve  is  completely  closed. 
Risers  installed  at  points  IT,  18,  19,  20,  and  21. 


Table  1 6 


ELEVATION  OF  HYDRAULIC  GRADE  LINE  FOR  GRAVITY  FLOW  CONDITIONS 
Discharge  =  1800  cfs  Outlet  Sewer  Uncontrolled 


Piez 

Original 

Revised  Intake 

Revised  Intake  and 

No. 

Conditions 

Transition 

Outlet  Transitions 

1 

422.0 

421.0 

419.0 

2 

422.0 

420.8 

418.6 

3 

421.0 

421.0 

419.0 

4 

421.0 

420.5 

418.4 

5 

421.0 

420.5 

418.4 

6 

420.6 

420.0 

418.2 

7 

421.0 

420.0 

418.3 

8 

420.0 

420.0 

418.0 

9 

421.0 

418.5 

417.0 

10 

420.0 

420.0 

418.0 

11 

420.0 

420.0 

418.0 

12 

421.0 

420.2 

418.5 

13 

421.0 

419.0 

4l8.0 

14 

419.0 

418.5 

417.0 

15 

420.0 

419.8 

418.0 

16 

421.0 

422.0 

17 

421.0 

422.0 

18 

421.0 

422.0 

19 

421.0 

422.0 

20 

421.0 

422.0 

420.0 

21 

422.0 

422.5 

'jhi'ffi t-Kgj  ■/' 

22 

422.0 

420.5 

BE  "j 

23 

422.0 

422.0 

Jr*'.'  >-'>*'  '131 

24 

422.0 

422.5 

25 

423.0 

422.8 

421.0 

34 

422.0 

422.5 

421.0 

35 

422.0 

422.5 

421.0 

49 

423.0 

423.0 

421.4 

50 

407.0 

407.0 

408.5 

51 

398.6 

399-5 

52 

398.6 

399.5 

53 

410.0 

409.0 

410.0 

51* 

409.0 

409-0 

409.5 

55 

409.0 

408.0 

409.0 

56 

409.0 

409.0 

409.0 

57 

420.0 

420.5 

417.0 

58 

417.0 

4l8.0 

415-5 

59 

419.0 

419-5 

417-5 

60 

416.0 

4l6.0 

417.5 

61 

417.0 

417.0 

416.5 

62 

411.0 

411.0 

412.8 

63 

413.0 

413.0 

4l6.8 

64 

4l4.0 

414.0 

415.5 

65 

414.0 

414.0 

416.8 

66 

414.0 

4l4.0 

415.5 

67 

4l4.0 

4l4.0 

4l4.0 

68 

415.0 

415.4 

415.8 

69 

415.0 

415.2 

414.5 

70 

415.0 

415.4 

415.8 

71 

422.0 

422.4 

421.0 

75 

422.0 

422.4 

76 

423-0 

423.0 

421.4 

77 

423.0 

423.0 

421.4 

78 

423.0 

423.0 

421.4 

Note:  Piezometer  locations  are  shown  on  plate  19 


Table  IT 


ELEVATION  OF  HYDRAULIC  GRADE  LINE  FOR  PUMP  FLOW  CONDITIONS 
Discharge  =  1800  cfs  River  Stage  =  430.0  ft  ms I 


Piez 

Original 

Revised  Intake 

Revised  Intake  and 

No. 

Conditions 

Transition 

Outlet  Transitions 

1 

420.0 

4l8.5 

418.5 

2 

419.4 

418.4 

418.4 

3 

419.8 

418.5 

418.5 

4 

418.0 

418.0 

418.0 

5 

418.0 

4l8.0 

4l8.0 

6 

417.6 

417.8 

417.8 

7 

418.6 

417.8 

417-8 

8 

4l8.0 

417.8 

417.8 

9 

4l8.0 

417-5 

417-5 

10 

418.0 

417-5 

417-5 

11 

418.4 

417.5 

417-5 

12 

419.0 

417.8 

417.8 

13 

417.6 

417.0 

417.0 

14 

417.0 

416.0 

4l6.0 

15 

4l8.0 

417.0 

417.0 

16 

4l8.0 

418.5 

418.5 

17 

419.0 

418.5 

418.5 

18 

419.4 

418.5 

418.5 

19 

419.0 

418.5 

418.5 

20 

420.0 

418.5 

4l8.5 

21 

421.0 

419.0 

419.0 

22 

420.0 

419.0 

419.0 

23 

419.0 

419.0 

419.0 

24 

419.6 

420.0 

25 

421.0 

420.0 

34 

448.4 

452.0 

452.0 

35 

448.0 

451.0 

451.0 

49 

420.6 

420.5 

420.5 

50 

430.5 

431.0 

431.0 

51 

417.0 

415.0 

52 

417.0 

418.0 

420.0 

53 

424.0 

420.0 

424.6 

54 

428.0 

428.6 

428.4 

55 

428.4 

426.0 

429.0 

56 

428.4 

429.0 

428.8 

57 

438.0 

439.0 

433.6 

58 

437.0 

437.0 

433.6 

59 

435.0 

436.0 

434.0 

60 

433.0 

433.0 

435.0 

61 

420.8 

430.0 

434.4 

62 

426.0 

427.0 

427.2 

63 

431.0 

431.0 

433.2 

64 

431.0 

431.0 

432.0 

65 

430.5 

431.0 

433.0 

66 

431.0 

431.0 

432.2 

67 

431.0 

431.0 

431.6 

68 

431.2 

432.0 

432.4 

69 

432.4 

432.0 

429.6 

70 

432.8 

432.0 

432.6 

71 

449.0 

449.2 

446.6 

75 

448.0 

448.2 

446.0 

76 

420.0 

420.5 

433.6 

77 

421.8 

420.5 

433.6 

78 

421.2 

420.5 

433.6 

Note:  Water-surface  elevation  in  sump  maintained  at  420.0  ft  ms I  at  upper  end. 
Piezometer  locations  are  shown  on  plate  19. 


Table  18 


ELEVATION  OF  HYDRAULIC  GRADE  LINE  FOR  PUMP  FLOW  CONDITIONS 
Discharge  =  575  cfs*  River  Stage  =  458.3  ft  msl 


Piez 

Original 

Revised  Intake 

Revised  Intake  and 

No. 

Conditions 

Transition 

Outlet  Transitions 

1 

420.2 

419.0 

419.6 

2 

417.6 

419.0 

419.6 

3 

420.2 

419.0 

419.7 

4 

420.1 

419.0 

419.8 

5 

420.1 

419.0 

419.8 

6 

419.0 

419.8 

7 

420.1 

419.2 

419.8 

8 

420.0 

419.2 

419.8 

9 

420.1 

420.2 

419.8 

10 

420.1 

419.2 

419.8 

11 

420.1 

419.4 

419.8 

12 

420.2 

419.6 

419-9 

13 

420.0 

419.0 

419.8 

14 

419.8 

419.4 

419.6 

15 

420.0 

419.8 

419.8 

16 

420.1 

420.2 

17 

421.8 

419.8 

18 

420.2 

420.4 

19 

420.2 

420.2 

419-9 

20 

420.2 

420.2 

21 

420.2 

420.8 

22 

420.4 

420.2 

420.0 

23 

420.4 

420.2 

24 

420.4 

420.4 

420.0 

25 

420.4 

420.4 

34 

460.2 

460.2 

460.1 

35 

460.1 

460.1 

460.0 

49 

420.0 

421.4 

419.8 

50 

458.2 

458.0 

458.5 

51 

456.8 

456.6 

457.4 

52 

456.8 

456.6 

457.3 

53 

457-5 

457.2 

458.0 

54 

458.0 

457.6 

458.3 

55 

457-9 

457.5 

455.2 

56 

458.0 

457.6 

458.4 

57 

459-0 

458.7 

459.0 

58 

458.8 

458.5 

453.0 

59 

458.7 

458.4 

459.0 

60 

458.0 

458.2 

459.1 

61 

457.7 

457.8 

457.6 

62 

458.3 

457.6 

458.3 

63 

458.2 

458.0 

458.8 

64 

458.2 

457.9 

458.7 

65 

458.2 

458.0 

458.O 

66 

458.1 

458.0 

458.6 

67 

458.3 

458.0 

458.6 

68 

458.2 

458.0 

458.6 

69 

458.7 

458.0 

457.6 

70 

458.3 

458.0 

456.6 

71 

460.2 

459.9 

460.3 

75 

460.0 

459.8 

460.0 

76 

421.8 

77 

422.2 

78 

422.2 

420.0 

Notes:  Water- surface  elevation  in  sump  maintained  at  420.0  ft  msl  at  upper  end. 
Piezometer  locations  are  Bhown  on  plate  19. 

*  Maximum  quantity  of  water  that  could  be  pumped  due  to  piling  up  of  water 
in  upper  end  of  discharge  channel. 


Table  19 


WATER-SURFACE  ELEVATIONS  IN  PUMPING  PLANT 


Pumps  Operating 

Discharge  =  1800  cfs 
Tailwater  =  430.0 

Gravity  Flow- 
Discharge  =  1800  cfs 

Pumps  Operating 
Discharge  =  575  cfs 
Tailwater  =  4-58.3 

Revised 

Revised 

Revised 

Compartment 

Revised 

Intake  and 

Revised  Intake  and 

Revised 

Intake  and 

No. 

Original 

Intake 

Outlet 

Original 

Intake  Outlet 

Original  Intake 

Outlet 

1 

420.0 

Same 

420.0 

422.0 

Same  420 . 5 

420 . 0  Same 

420.0 

2 

420.0 

as 

420.0 

422.5 

as  420.8 

420 . 0  as 

420.0 

3 

420.0 

Original 

420.5 

422.5 

Original  421.0 

420.0  Original 

420.0 

4 

421.0 

421.0 

422.5 

421.2 

420.0 

420.0 

5 

421.0 

421.0 

422.6 

421.4 

420.0 

420.0 

6 

421.0 

421.0 

422.6 

421.5 

420.0 

420.0 

7 

450.6 

.  448.0 

459.8 

460.0 

8 

450.6 

448.0 

459.7 

460.0 

9 

450.0 

447.0 

459.6 

459.9 

10 

448.2 

445.8 

459.4 

459.8 

11 

447.0 

445.0 

459.2 

459.5 

12 

446.5 

444.0 

459.1 

459.3 

13 

446.0 

443.5 

458.9 

459.2 

14 

439.0 

436.8 

422.0 

421.0 

458.2 

458.4 

15 

438.4 

436.0 

422.0 

420.0 

458.0 

458.4 

Notes:  The  water-surface  elevations  are  average  for  each  compartment. 
For  compartment  locations  see  plate  15 . 


Table  20 


EFFECT  OF  ENLARGED  SLUICE  GATE  ON  HYDRAULIC  GRADE  LINE 

FOR  GRAVITY  FLOW  CONDITIONS 

Discharge  =  1800  cfs  River  Stage  Uncontrolled 
Revised  Intake  and  Outlet  Transitions 


Piez 

Original  Gate 

Enlarged  Gate 

No. 

Opening 

1 

419.0 

418.7 

2 

418.6 

418.4 

3 

419.0 

418.6 

418.4 

418.1 

5 

418.4 

418.0 

6 

418.2 

417.7 

7 

418.3 

417.8 

8 

418.0 

417.6 

9 

417.0 

417.0 

10 

418.0 

416.9 

11 

418.0 

417.3 

12 

418.5 

417.6 

13 

418.0 

416.9 

14 

4l6.l 

15 

418.0 

416.9 

16 

420.0 

419.5 

17 

420.0 

419-5 

18 

420.0 

418.6 

19 

420.0 

419-3 

20 

420.0 

419.5 

21 

420.4 

22 

420.5 

420.2 

23 

420.4 

24 

420.4 

sf"- 

25 

421.0 

34 

421.0 

35 

421.0 

49 

421.4 

421.0 

50 

408.5 

4o8.o 

51 

400.5 

400.5 

52 

400.0 

400.1 

53 

410.0 

409.5 

54 

409.5 

408.5 

55 

409.0 

408.5 

56 

409.0 

409.0 

57 

417.0 

417.7 

58 

415.5 

416.4 

59 

417.5 

417-3 

60 

417.5 

417.8 

6l 

416.5 

416.4 

62 

412.8 

412.5 

63 

416.8 

416.7 

64 

415.5 

415.6 

65 

416.8 

415.9 

66 

415.5 

415.6 

67 

4l4.0 

413.7 

68 

415.8 

415.5 

69 

414.5 

415.3 

70 

415.8 

415.5 

71 

421.0 

420.5 

Note:  Piezometer  locations  are  shown  on  plate  19 


Table  21 


EFFECT  OF  ENLARGED  SLUICE  GATE  ON  WATER-SURFACE  ELEVATIONS 
FOR  GRAVITY  FLOW  CONDITIONS 
Discharge  =  1800  cfs  River  Stage  Uncontrolled 
Revised  Intake  and  Outlet  Transitions 


Compartment 

No. 

Original  Gate  Opening 

Enlarged  Gate  Opening 

1 

420.5 

420.0 

2 

420.8 

420.4 

3 

421.0 

420.6 

4 

421.2 

420.7 

5 

421.4 

420.9 

6 

421.5 

421.0 

14 

421.0 

421.0 

15 

420.0 

420.0 

Notes:  The  water -surf ace  elevations  are  average  for  each  compartment. 
For  compartment  location  see  plate  15 . 


Table  22 


EFFECT  OF  REVISIONS  TO  PUMP  DISCHARGE  CHANNEL  ON  HYDRAULIC  GRADE  LINE 


Revised  Intake  and  Outlet  Transitions 


Piez 

No. 

Discharge  =  1800  cfs 

River  Stage  =  430.0  ft  msl 
Modified  Step 

West  Baffles  Removed 

Discharge  =  740  cfs 

River  Stage  =  458.3  ft  msl 
Modified  Step 

West  Baffles  Removed 

Discharge  =  920  cfs 
River  Stage  =  458.3  ft  msl 
Modified  Step 

West  Baffles  Removed 
Relief  Opening  Installed 

50 

428.0 

458.0 

458.4 

51 

421.0 

456.7 

457.1 

52 

421.0 

456.8 

457.0 

53 

428.3 

457.9 

458.1 

54 

428.5 

458.0 

458.1 

55 

428.9 

457.8 

458.0 

56 

429.5 

457.9 

458.1 

57 

436.2 

459.0 

459.0 

58 

436.1 

459.0 

458.9 

59 

434.6 

458.9 

458.8 

60 

436.0 

459.1 

459.0 

61 

434.0 

458.9 

^59.3 

62 

428.2 

457.8 

458.1 

63 

433.6 

458.8 

458.8 

64 

432.8 

458.5 

458.6 

65 

433.2 

458.7 

458.6 

66 

432.9 

458.6 

458.6 

67 

431.4 

458.4 

458.4 

68 

432.8 

458.5 

458.6 

69 

432.6 

^58.5 

458.6 

70 

432.8 

458.5 

458.6 

Note:  Locations  of  piezometers  are  shown  on  plate  19. 


Table  23 


EFFECT  OF  REVISIONS  TO  PUMP  DISCHARGE  CHANNEL  ON 
WATER -SURFACE  ELEVATIONS  IN  PUMPING  PLANT 
Revised  Intake  and  Outlet  Transitions 


Compartment 

No. 


Discharge  =  1800  cfs 
River  Stage  =  430.0  ft  msl 
Modified  Step 
West  Baffles  Removed 


Discharge  =  740  cfs 
River  Stage  =  458.3  ft  msl 
Modified  Step 
West  Baffles  Removed 


Discharge  =  920  cfs 
River  Stage  =  458.3  ft  msl 
Modified  Step 
West  Baffles  Removed 
Relief  Opening  Installed 


1 

420.0 

2 

420.0 

3 

420.0 

4 

420.0 

5 

420.0 

6 

420.0 

7 

442.9 

8 

442.6 

9 

441.8 

10 

440.3 

11 

439.6 

12 

438.7 

13 

438.0 

14 

438.0 

15 

437.8 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

460.0 

460.0 

459.8 

459.9 

459.7 

459.8 

459-4 

459.4 

459.2 

459.3 

459.0 

459.1 

458.8 

458.6 

458.2 

458.6 

458.0 

458.5 

Note:  Locations  of  compartments  are  shown  on  plate  15. 


Table  24 


EFFECT  OF  REMOVAL  OF  BAFFLE  WALLS  FROM  DISCHARGE  CHARNEL 
ON  WATER -SURFACE  ELEVATIONS  IN  PUMPING  PLANT 
Revised  Intake  and  Outlet  Transitions 


Compart- 


_ South  Baffles  Removed  to  Elev  445.0 _  _ South  Baffles  Completely  Removed 

Relief  Opening  Closed  Relief  Opening  Operating  Relief  Opening  Closed  Relief  Opening 
Q  =  925  Q  =  1350  Q  =  1050  Q 


430.0  RS 


1 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

2 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

3 

420. 0J!- 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

4 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

5 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

6 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

7 

444.0 

459.2 

459.2 

459.4 

440.1 

459.3 

459.0 

459.8 

8 

443.4 

459.2 

459.2 

459.4 

439.7 

459.3 

459.0 

459.7 

9 

442.7 

459.1 

459.1 

459.3 

439.6 

459.5 

458.9 

459.6 

10 

441.6 

459.0 

458.8 

458.9 

439.1 

459.2 

458.8 

459.5 

11 

439.0 

458.8 

458.6 

458.6 

437.6 

459.1 

458.7 

459.  £ 

12 

438.5 

458.7 

458.4 

458.4 

437.4 

459.0 

458.6 

459.2 

13 

438.0 

458.5 

458.4 

458.4 

437.1 

459.0 

458.6 

459.0 

14 

437.8 

458.5 

458.3 

458.3 

436.5 

458.9 

458.6 

459.1 

15 

437.5 

458.5 

458.4 

458.3 

437.6 

459.1 

458.8 

459.2 

Notes:  Locations  of  compartments  are  shown  on  plate  15. 
All  elevations  in  ft  msl. 


Table  25 


WATER-SURFACE  ELEVATIONS  IN  PUMPING  PLANT  WITH  STRUTS 
IN  SOUTH  CHANNEL  REPLACING  BAFFLE  WALLS 
Revised  Intake  and  Outlet  Transition 


Compartment 

No. 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 


Discharge  =  1200  cfs 
River  Stage  =  4-58.3  ft  msl 

420.0 

420.0 

420.0 

420.0 

420.0 

420.0 

^59-2 

459.2 

459-1 

459-0 

458.9 

458.7 

458.5 

458.7 

458.7 


Discharge  =  1800  cfs 
River  Stage  =  430.0  ft  msl 


Notes:  Locations  of  compartments  are  shown  on  plate  15 . 

Spillway  crest  removed  from  south  channel  stepdown. 
Fillet  still  in  southwest  corner. 


Table  26 


EFFECT  OF  REMOVAL  OF  BAFFLE  WALLS  FROM  SIMP  CHAMBER 
ON  WATER -SURFACE  ELEVATIONS  IN  PIMPING  PLANT  FOR  GRAVITY  FLOW 

Enlarged  Gate  Opening 
Revised  Intake  and  Outlet  Transitions 


Discharge 

=  1800  cfs 

Compartment 

Bottom  of  Sump  Baffles 

Bottom  of  Sump  Baffles 
at  Elev  415.0 

No. 

at  Elev  420.0 

East* 

West* 

1 

420.0 

420.0 

420.0 

2 

420.5 

420.0 

420.5 

3 

420.6 

420.2 

420.8 

4 

420.8 

420.5 

421.0 

5 

420.9 

420.5 

420.5 

6 

421.0 

420.4 

420.4 

14 

420.2 

420.0 

420.0 

15 

420.2 

420.0 

420.0 

*Denotes  average  water -surf ace  elevation  measured  along  east  and 
west  sides,  respectively,  of  each  compartment. 


Note 


Locations  of  compartments  are  shown  on  plate  15. 


Table  27 


EFFECT  OF  REMOVAL  OF  BAFFLE  WALLS  FROM  SUMP  CHAMBER 
ON  ELEVATION  OF  HYDRAULIC  GRADE  LINE  FOR  GRAVITY  FLOW  CONDITIONS 


Enlarged  Gate  Opening 

Revised  Intake  and  Outlet  Transitions 

Discharge  = 

1800  cfs 

Piez 

Bottom  of  Sump  Baffles 

Bottom  of  Sump  Baffles 

No. 

at  Elev  kl5.0 

at  Elev  k20.0 

1 

kl8.5 

kl8.6 

2 

kl8.0 

418.3 

3 

kl8.1 

klfl.6 

4 

kl7.5 

klB.l 

5 

k!7.3 

kl8.0 

6 

k!7.l 

kl7.k 

7 

ki7.3 

kl7.9 

8 

kl7.5 

9 

kl6.8 

kl7.0 

10 

4l6.6 

kl7.0 

11 

kl7.1 

kl7.3 

12 

klT.l 

kl7.5 

13 

kl6.9 

kl6.8 

lk 

kl6.0 

kl6.1 

15 

kl6.9 

kl7.0 

16 

kl8.8 

ki9.k 

17 

kl9.0 

ki9.5 

18 

kl9.3 

kl9.5 

19 

kl9.0 

kl9.k 

20 

kl8.9 

419-5 

21 

kl9.8 

k20.0 

22 

kl9.9 

k20.0 

23 

kl9.9 

k20.2 

2k 

k20.0 

k20.0 

25 

k20.2 

k20.3 

k9 

k20.2 

k20.8 

50 

kOT.7 

ko8.0 

51 

koo.o 

400.5 

52 

koo.o 

kOO.l 

53 

kio.o 

k09.5 

5k 

k09.0 

k08.5 

55 

ko8.k 

ko8.5 

56 

k08.9 

k09.0 

57 

kl7.6 

417-7 

58 

kl6.k 

kl6.k 

59 

ki7.i 

417.3 

60 

kl8.1 

4l8.2 

6l 

kl6.7 

kl6.k 

62 

kl2.5 

412.5 

63 

kl6.7 

ki6.7 

6k 

415.6 

415.6 

65 

kl6.0 

kl5.k 

66 

kl5.6 

415.6 

67 

413-9 

413-7 

68 

kl5.6 

415-5 

69 

415-5 

415-3 

70 

kl5.7 

415.5 

Note: 

Location  of  piezometers  shown  on  plate  19. 

Table  28 


COMPUTED  FLOW  LOSSES  IE  PROTOTYPE  OUTFALL  SEWER  LINES  -  SUMP  TO  EXIT 
DISTRIBUTION  OF  FLOW  COMPUTED  FROM  VELOCITY  MEASUREMENTS 

GRAVITY  FLOW 


Area  Entrance 


Discharge 

in 

Head  Loss 

Loss 

Contraction  Enlargement 

Bend  Loss 

Exit 

Total 

Sewer 

cfs 

Section 

Sq.  ft 

in  Pipe 

K  =  0.5 

Loss 

Loss 

m wmm 

Loss 

Loss 

Existing 

1200 

A 

88.6 

0.88 

1.43 

2.31 

n  =  0.16 

Total  Q  = 

B 

49.3 

3.14 

0.88 

0.81 

0.46  0.46 

5.75 

1800  cfs 

C 

54.3 

0.98 

7.62 

8.60 

CT 

Proposed 

~Too  “ 

A 

28.3 

2.95 

3-48 

6.43 

72  in. 

Total  Q  = 

B 

28.3 

1.97 

0.35  0.35 

2.67 

n  =  .013 

1800  cfs 

C 

28.3 

0.89 

6.96 

7.85 

15795 

Existing 

356 

A 

■WfBM 

0.08 

0.08 

0.16 

n  =  .016 

Total  Q  = 

B 

49.3 

.  0.28 

0.06 

0.07 

0.04  0.04 

0.49 

C 

54.3 

0.09 

0.67 

0.76 

RS  =  458.3 

i.4i 

Proposed 

179 

A 

28.3 

0.26 

0.21 

0.47 

72  in. 

Total  Q  = 

B 

28.3 

0.18 

0.06 

0.24 

n  =  .013 

1200  cfs 

C 

28.3 

0.08 

0.62 

0.70 

RS  =  458,3 _ 1.41 


Notes:  Distribution  for  flow  of  1200  cfs  determined  as  follows:  Total  flow  (1200)  less  flow  through  relief 
opening  (665)  =  flow  through  sewers  (535)  •  This  flow  was  distributed  between  existing  sewer  and 
proposed  sewer  in  same  ratio  as  for  gravity  flow  at  1800  cfs. 

The  72-in.  sewer  assumed  to  have  same  slope  as  existing  sewer  and  a  constant  area. 

Pipe  assumed  flowing  full. 


Table  29 


COMPUTED  FLOW  LOSSES  IE  PROTOTYPE  OUTFALL  SEWER  LINES  -  SUMP  TO  EXIT 
DISTRIBUTION  OF  FLOW  COMPUTED  FROM  VELOCITY  MEASUREMENTS 

PUMP  FLOW 


Entrance 

Discharge 

in 

Head  Loss 

Loss 

Contraction  Enlargement 

Bend  Loss 

Exit 

Total 

Sewer 

cfs 

Section 

■ma 

in  Pipe 

K  =  0.5 

Loss 

Loss 

Loss 

Loss 

Existing 

1360 

A 

88.6 

1.13 

1.29 

2.42 

n  =  .016 

Total  Q  = 

B 

49.3 

4.o4 

1-73 

1.05 

0.59  0.59 

8.00 

1800  cfs 

C 

5^-3 

1.25 

9.76 

jgg^ 

Proposed 

440 

A 

~  28.3 

2.42 

1.32 

3.74 

72  in. 

Total  Q  = 

B 

28.3 

1.6l 

0.19  0.19 

1.99 

n  =  .013 

1800  cfs 

C 

28.3 

0.73 

3.76 

4.49 

10.22 

Existing 

405 

A 

"  88/6"" 

0.10 

0.11 

0.21 

n  =  .016 

Total  Q  = 

B 

49.3 

O.36 

0.12 

0.10 

0.055  0.055 

0.69 

1200  cfs 

C 

5^.3 

0.11 

0.87 

0.98 

OSl 

Proposed 

130 

A 

"  28.3 

0.21 

0.11 

0.32 

72  in. 

Total  Q  = 

B 

28.3 

0.14 

0.015  0.015 

0.17 

n  =  .013 

1200  cfs 

C 

28.3 

0.06 

0.33 

0.39 

0.88 

Notes:  Distribution  for  flow  of  1200  cfs  determined  as  follows:  Total  flow  (1200)  less  flow  through  relief 
opening  (665)  =  flow  through  sewers  (535).  This  flow  was  distributed  between  existing  sewer  and 
72-in.  sewer  in  same  ratio  as  for  pump  flow  at  1800  cfs. 

The  72-in.  sewer  assumed  to  have  same  slope  as  existing  sewer  and  a  constant  area. 

Pipe  assumed  flowing  full. 


Table  30 


ELEVATION  OF  HYDRAULIC  GRADE  LINE  AT 


UPPER  END  OF 

OUTFALL  LINES 

Location 

Model 
Elev  msl 

Computed 

Elev  msl 

Dist  A 

Computed 
Elev  msl 
Dist  B 

Gravity  Flow  -  1800  cfs 

Exist .  Sewer 

Piez.  70 

415.5 

413.2 

72 -in.  Sewer 

Piez.  56 

409.0 

4o8.6 

Pump  Flow  -  1800  cfs 

Exist .  Sewer 

Piez.  70 

432.3 

442.1 

446.2 

72 -in.  Sewer 

Piez  56 

428.2 

436.0 

434.8 

Pump  Flow  -  1200  cfs 

Exist .  Sewer 

Piez.  70 

458.5 

459.2 

459.7 

72 -in.  Sewer 

Piez.  56 

458.0 

458.9 

458.7 

Note:  Elev  at  piezometer  70  is  average  of  piezometers  68  and  70. 

Elev  at  piezometer  56  is  average  of  piezometers  54,  55 >  and  56. 
Distribution  A  is  the  distribution  of  flow  as  indicated  in 
table  28. 

Distribution  B  is  the  distribution  of  flow  as  indicated  in 
table  29. 

All  measurements  are  in  prototype  units. 


Table  31 


DISTRIBUTION  OF  FLOW  BETWEEN  EXISTING  SEWER 
AND  PROPOSED  72-IN.  SEWER 


Discharge 

in  cfs 

Not 

Vented 

Vented 

Test 

Condition 

Large 

Sewer 

72-in. 

Sewer 

Large 

Sewer 

72-in, 

Sewer 

Gravity  Flow 

Total  Q  =  1800 

RS  =  382.5 

975 

825 

1170 

630 

Gravity  Flow 

Total  Q  =  1800 

RS  =  412.0 

1220 

580 

1220 

580 

Gravity  Flow 

Total  Q  =  1800 

RS  =  427.2 

1250 

550 

1230 

570 

Pump  Flow 

Total  Q  =  1800 

RS  =  430.0 

1360 

440 

1260 

540 

Pump  Flow 

Total  Q  =  1200* 

310 

110 

310 

110 

RS  =  458.3 


*  Excess  flow  carried  by  overflow  relief  opening. 

Notes:  All  discharges  in  prototype  cfs. 

All  elevations  in  ft  msl. 


PLATE 


NOTE  :  ALL  UNITS  ARE  IN  THEIR  PROTOTYPE  EQUIVALENTS 


ANNEL 


^ PROPOSED  72'  SEWER 


if  } 


DETAILS  OF  STATE  FAIRGROUNDS 
PUMPING  PLANT 


SCALES 


25 


25 


50 


75  FT 


PLATE  2 


SECTION  A-A 

note:  model  constructed  of  plastic  tubing  as  INDICATED. 

MODEL  INITIALLY  CONSTRUCTED  OF  0.5' TUBING  THROUGHOUT 
LOWER  SECTION  LATER  CHANGED  TO  0.33'  TUBING  AS  SHOWN. 

LATERAL  AND  RISER  WERE  ADDED  AFTER  INITIAL  TESTS, 

ALL  DIMENSIONS  ARE  GIVEN  IN  MODEL  UNITS. 


TUBING  DETAILS 


MODEL  LAYOUT 
SURGE  STUDY 

SOUTHERN  OUTFALL  SEWER 

SCALES 

PROTOTYPES -L-g  _g»  -IS0  —*  -L“rT 


MODEL 


FT 


PLATE  3 


SECTION  A-A 


NOTE  all  dimensions  are  given  in  model  units  . 


VALVE  STARTS 
CLOS 1 NG 


NOTE:  THE  ABOVE  STEPPED  LINES  REPRESENT  0.1  OHM  RESISTANCE 

CHANGE  IN  THE  GAGE  CIRCUIT.  CORRESPONDING  HEAD  DIF¬ 
FERENTIAL  IS  INDICATED. 


RECORDING  OF  CALIBRATION  OF  PRESSURE  CELL 


Oj 

60  iFC  TIMING  wave 

> 
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Ul  O 
>  -I 

0  -  2,000  CFS 

/w 

✓***%  \  .PT  17 

>  / 

L 

mm* tmwwr-  ~~  ~ 


BASE  LINES  (NORMAL 
OPERATING  PROCEDURE) 


NOTE:  LINES  ABOVE  BASELINE  INDICATE  NORMAL  OPERATING 
PRESSURE.  LINES  BELOW  BASELINE  INDICATE  BELOW 
NORMAL  OPERATING  PRESSURES. 


OSCILLOGRAPH  RECORDING  FOR  CLOSURE  OF  VALVE 


TYPICAL  OSCILLOGRAPHS 
FOR 

MEASUREMENT  OF  PRESSURES 


PLATE  4 


COEFFICIENT  OF  ROUGHNESS  MANNING’S 


MODEL  VELOCITY  IN  FEET  PER  SECOND 


COEFFICIENT  OF  ROUGHNESS 
FOR 

PLASTIC  TUBING 


PLATE  5 


COEFFICIENT  OF  ROUGHNESS  MANNING’S 


PRESSURE  IN  POUNDS  PER  SQUARE  INCH 


ELAPSED  TIME  IN  SECONDS  FROM  END  OF  VALVE  CLOSURE 


VELOCITY  8.93  FT  PER  SEC. 

TIME  OF  VALVE  CLOSURE  0.944  SEC. 
MODEL  CONSTRUCTED  OF  6-IN.  TUBING 
THROUGHOUT. 

NO  LATERALS  OR  RISERS. 

ALL  VALUES  GIVEN  IN  PROTOTYPE  UNITS. 


PRESSURE  WAVES  FOR  SUDDEN 
CLOSURE  OF  VALVE 
6-INCH  TUBING 
DISCHARGE  1800  CFS 


PLATE  7 


PRESSURE  IN  POUNDS  PER  SQUARE  INCH -VARIATION  FROM  NORMAL  OPERATING  PRESSURE 


ELAPSED  TIME  IN  SECONDS  FROM  END  OF  VALVE  CLOSURE 

NOTE: 

VELOCITY  9.93  FT  PER  SEC. 

TIME  OF  VALVE  CLOSURE  0.944  SEC. 

MODEL  CONSTRUCTED  OF  6-IN.  TUBING 
THROUGHOUT. 

NO  LATERALS  OR  RISERS. 

ALL  VALUES  GIVEN  IN  PROTOTYPE  UNITS 


PRESSURE  WAVES  FOR  SUDDEN 
CLOSURE  OF  VALVE 
6-INCH  TUBING 
DISCHARGE  2000  CFS 


PLATE  8 


PRESSURE  IN  POUNDS  PER  SQUARE  INCH- VARIATION  FROM  NORMAL  OPERATING  PRESSURE 


ELAPSED  TIME  IN  SECONDS  FROM  END  OF  VALVE  CLOSURE 


VELOCITY  IN  6-IN.  SECTION  6.96  FT  PER  SEC. 
VELOCITY  IN  4-IN.  SECTION  15.67  FT  PER  SEC. 
TIME  OF  VALVE  CLOSURE  0.944  SEC. 

MODEL  CONSTRUCTED  OF  4-IN.  AND  6-IN. 
TUBING. 

NO  LATERALS  OR  RISERS. 

ALL  VALUES  GIVEN  IN  PROTOTYPE  UNITS. 


PRESSURE  WAVES  FOR  SUDDEN 
CLOSURE  OF  VALVE 
LOWER  SECTION  OF  4-INCH  TUBING 
DISCHARGE  1400  CFS 


PLATE  9 


PLATE  II 


WATER  SURFACE  ELEVATION  IN  FEET  ABOVE  MS  L 


0  25  50  75  100  125  150  175  200 


ELAPSEO  TIME  IN  SECONDS  FROM  END  OF  VALVE  CLOSURE 

NOTE:  DISCHARGE  I  800  CFS 

SUMP  AREA  2  100  SQUARE  FEET. 

ALL  VALUES  GIVEN  IN  PROTOTYPE  UNITS. 

THE  SUMP  WATER  SURFACE  ELEVATION  WAS  415.0 
WHEN  VALVE  WAS  CLOSED 


SURGES  IN  SEWER  LINE 


PLATE  12 


WATER  SURFACE  ELEVATION  IN  FEET  ABOVE  M  S  L 


PLATE  13 


PLATE  14 


MIDDLE  SECTION  OF 
INTAKE  TRANSITION 


INLET  SEWER  LINE 

INVERT  ELEV  406.15 


NOTE  :  ALL  MEASUREMENTS  ARE  IN  THEIR 
PROTOTYPE  EQUIVALENTS. 


0 

0 

0 

4.5 

3.2 

0 

0 

0 

3.2 

5.6 

0 

3. 

2  4.5 

4.5 

5.6 

0 

0 

0 

3.2 

4.5 

0 

0 

0 

0 

0 

— - 

— Q _ 

0 

0 

OUTLET  SEWER  LINE 

INVERT  ELEV  40528 


3.2  9.1  10.2  13.8  15.0  16.0 

3^2  4.5  5.6  12.4  12. 

10.2 


DOWNSTREAM  END  OF 
INTAKE  TRANSITION 

ELEV.  414.45 


Elev.  412,65 
Elev.  411.25 


Elev.  409,65 

Elev.  405.05 

Elev.  406,45 
Elev.  405.BI 


15.4 

Elev.  414.0 

16.0 

&ev.  412.0 

17.0 

Elev.  410.0 

16.0 

Elev.  408.0 

16.0 

Elev.  406.0 

1^4^. 

Elev.  404.0 

-\  Elev.  403.5 

Elev.  404.94 


Elev. 

404.14 

Elev. 

403.34 

Elev. 

402.54 

Elev. 

401.74 

Eiev.  4n ft  04 

Elev. 

■-4QQ..IA- 

OUTLET  SEWER 
72"  LINE 
INVERT  E  LEV  399  9 


TEST  CONDITIONS 

DISCHARGE  1800  CFS 

SUMP  ELEV  420.0 

RIVER  STAGE  430.0 


VELOCITY  CROSS  SECTIONS 

ORIGINAL  CONDITIONS 
PUMP  FLOW 


PLATE  15 


NOTE'  COMPARTMENT  NUMBERS  ARE  FOR  ORIGINAL 
AND  REVISED  CONDITIONS 

PITOT  TUBE  LOCATIONS  ARE  FOR  ORIGINAL  AND 
REVISED  INTAKE  AND  OUTLET  TRANSITIONS 


ALL  VALUES  ARE  IN  PROTOTYPE  UNITS 
PITOT  TUBE  VERTICALLY  MOUNTED 


COMPARTMENT  NUMBERS 
AND 

PITOT  TUBE  LOCATIONS 


u 


PLAN 


REVISED  INTAKE  TRANSITION 


SCALE 


1 

—1 

1 

AD/US/O.OO' 

REVISED  OUTLET  TRANSITION 

SCALE 

V.  .  -° . A . . &-  T 


note:  all  units  are  in  their  prototype  equivalents 


REVISED  TRANSITIONS 
INTAKE  AND  OUTLET 


PLATE  17 


r 

0 

0 

0 

6.0 

6.4 

7.2 

9.4 

O 

a 

N 

© 

11.8 

aev.  4i4.o 

0 

3.9 

5.1 

6.4 

7.2 

9.1 

10.2 

12.0 

14.4  15.4 

15.7 

Elev.  412.0 

8.5  9.4  13.6  18,4 

17.3 

17.9 

17,6 

0 

0 

5.1 

6.4 

6.0 

9.1 

10.6 

14.0 

16.0  18.4 

16.4 

aEV.  410.0 

3.2  6.4  13.8  14.0 

17.6 

18.4 

17.9 

acv.  4io.o 

0. 

0 

0 

3.2 

6.0 

6.8 

9.4 

10.6 

14.0  15.7 

16.4 

aEV.  408.0 

5.8  7.9  10.2  15.4 

17.8 

19.0 

19.5 

aev.  406.9 

0 

0 

0 

0 

5.1 

7.9 

8.5 

12.2 

14.4  16.0 

17.3 

Elev.  406.0 

0 

0 

0 

3.9 

6.8 

6.8 

12.4  14.4 

14.  <> 

aEv.  404.0 

MIDDLE  SECTION  OF 
INTAKE  TRANSITION 


EtCV.  415.32 

aev.  413.  72 
Elev.  412.12 

Elev.  410.82 


Eiev.  407,32 
Elev.  408. « 


DOWNSTREAM  END  OF 
INTAKE  TRANSITION 

Elev.  414,45 
aEV.  412.85 


Elev.  409.85 
aEV.  408.05 

aEV.  406,45 
EHV.  408.61 


VaEV.  403.5 


aEV.  404.14 
aEV.  403.34 
aEV.  402.54 
aEV.  401.74 
aEV.  400,84 
aEV.  400.14 


INLET  SEWER  LINE 

INVERT  ELEV  406.15 


OUTLET  SEWER  LINE 

INVERT  ELEV  405.26 


OUTLET  SEWER 
72"  LINE 
INVERT  ELEV  399.9 


note:  all  measurements  are  in  their 

PROTOTYPE  EQUIVALENTS. 


TEST  CONDITIONS 

ISOO  CFS 
420.0 


VELOCITY  CROSS  SECTIONS 

REVISED  INTAKE  AND  OUTLET 
GRAVITY  FLOW 


DISCHARGE 
SUMP  ELEV 


PLATE  18 


MIDDLE  SECTION  OF 
INTAKE  TRANSITION 


INLET  SEWER  LINE 

INVERT  ELEV  406.15 


NOTE :  ALU  MEASUREMENTS  ARE  IN  THEIR 
PROTOTYPE  EQUIVALENTS. 


ElIV.  414.0 


0 

0 

3.2 

3.2 

44 

4.5 

7.5 

6.2 

9.4  9.1 

U 

Elev. 

414.0 

0 

0 

3  A 

84 

6.4 

64 

10.2 

13.2 

14.7  15.4 

18.7 

Elev. 

412.0 

0 

0 

3,9 

5.6 

6.0 

7.* 

12.4 

12.8 

14.7  HO 

16.0 

Elev. 

410.0 

0 

2.3 

3.2 

5.5 

6.0 

e.s 

9.4 

11.1 

1318  HO 

18.4 

Elev. 

0 

0 

0 

2.3 

3.2 

7.3 

7.9 

10.6 

13.6  14.7 

15.7 

EUv, 

J2&&. 

0 

3.9 

4.5 

5.6 

6.4 

7.9 

124  13.2 

12.4 

Elev. 

404.0 

euy.  ,.4oa,.g. 


DOWNSTREAM  END  OF 
INTAKE  TRANSITION 


Elev.  414.45 

ELEV.  412.85 
ElEV.  411.25 

ELEV.  409.65 

Elev.  405.05 

Elev.  406.45 
fr-CV.  «5.61 


OUTLET  SEWER  LINE 

INVERT  ELEV  405.28 


Elev.  404,84 
Elev.  404.14 
Elev.  403.34 
Elev.  402.54 

ElIV.  491.74, 
ELtY.  400.54 
B-IV.  *0-14 


OUTLET  SEWER 
72"  LINE 
INVERT  ELEV  399.9 


TEST  CONDITIONS 

DISCHARGE  1800  CFS 

SUMP  ELEV  420.0 

RIVER  STAGE  430.0 


VELOCITY  CROSS  SECTIONS 

REVISED  INTAKE  AND  OUTLET 
PUMP  FLOW 


PLATE  Z\ 


DRAFT  TUBE 


note:  all  units  are  in  their  prototype  equivalents. 


DETAILS  OF  PUMP  INTAKES 


scale 


EFFECT  OF  TYPE  PUMP  INTAKE 
ON  CAPACITY 


SUBMERGENCE  OF  PUMP  INTAKE  IN  FEET 


FLOW 


■XE" 


FLOW 


OGEE  FILLET 


DISCHARGE  CHANNEL 


Ik 


PLAN 


SECTION  A-A 


SECTION  B-B 


DETAILS  OF  SLUICE  GATES 
AND  REVISIONS  TO  DISCHARGE  CHANNEL 


SCALE 


ELEVATION  IN  FEET  -  MSL 


I*"** 

5  ' 

Pi 

N 

•fc 


TEST  CONDITIONS 


DISCHARGE 


1800  CFS 


note:  STATION  OtOO  LOCATED  247.34  FT  UPSTREAM 
FROM  PROPOSED  PUMPING  PLANT. 

EXISTING  CONDITIONS  OENOTE  PUMPING 
PLANT  NOT  INSTALLED. 


HYDRAULIC  GRADE  LINES 
EXISTING  CONDITIONS 
GRAVITY  FLOW 


ELEVATION  IN  FEET  -  MSL 


ELEVATION  IN  FEET  -  MSL 


ELEVATION  IN  FEET  -  MSL 


ELEVATION  IN  FEET  -  MSL 


ELEVATION  IN  FEET  -  MSL 


ELEVATION  IN  FEET  -  MSL 


■0 

r 

5 

m 

m 


DISTANCE  ALONG  CENTER  LINE  IN  FEET 


TEST  CONDITIONS 


DISCHARGE 
RIVER  STAGE 


1800  CFS 
382.5 


NOTE:  STATION  0+00  LOCATED  247.34  FT  UPSTREAM 
FROM  PROPOSED  PUMPING  PLANT. 


HYDRAULIC  GRADE  LINES 
INITIAL  CONDITION  VS 
NOT  VENTED  EXISTING  CONDITION 
GRAVITY  FLOW 


ELEVATION  IN  FEET  -  MSL 


ELEVATION  IN  FEET  -  MSL 


u 
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TEST  CONDITIONS 

DISCHARGE  1800  CFS 
RIVER  STAGE  382.5 


NOTE.  STATION  0+00  LOCATED  247.34  FT  UPSTREAM 
FROM  PROPOSED  PUMPING  PLANT. 


HYDRAULIC  GRADE  LINES 

INITIAL  CONDITION  VS 
VENTED  EXISTING  CONDITION 
GRAVITY  FLOW 


ELEVATION  IN  FEET  -  MSL 


APPENDIX  A 


DEVELOPMENT  OF  ANALYTICAL  METHOD  FOR 
DETERMINATION  OF  SURGES  IN  SEWERS 
by  R.  L.  Irwin* 

1.  A  search  of  the  available  files  pertaining  to  engineering  lit¬ 
erature,  published  both  in  the  United  States  and  in  foreign  countries, 
indicated  that  a  satisfactory  method  for  the  solution  of  the  surge  prob¬ 
lem  in  the  Southern  Outfall  Sewer  was  not  to  be  found.  Numerous  articles 
and  papers  pertaining  to  surges  in  penstocks  in  power  systems  were  avail¬ 
able;  however,  for  the  condition  of  multiple  risers  and  laterals,  ap¬ 
parently  the  only  solution  depended  upon  the  use  of  model  studies.  Ac¬ 
cordingly,  the  simplified  undistorted  1: 32-scale  model,  described  in  the 
basic  report,  was  authorized.  To  reduce  costs  to  a  minimum  only  about 
10,000  ft  of  the  prototype  sewer  was  reproduced.  Risers  were  added  at 
intervals  in  the  main  sewer  line  to  simulate  the  effect  of  manholes. 

2.  Simultaneously,  a  study  was  made  of  the  possibility  of  develop¬ 
ing  a  procedure  for  computing  the  height  of  surge  rise  to  be  expected  at 
various  locations.  One  of  these  computations  related  to  the  features  in 
the  model,  and  the  results  compared  very  favorably  with  results  of  the 
model  tests  conducted  at  the  Waterways  Experiment  Station.  The  method 
later  was  described  to  personnel  of  the  Louisville  District  Office,  who 
continued  the  computations  and  took  into  consideration  the  characteristics 
of  flow  found  in  the  prototype  sewer  rather  than  those  used  in  the  model. 
An  explanation  of  the  computations  made  in  the  Louisville  District  is 
found  in  appendix  B  of  this  report. 

3-  The  computational  procedure  consists  in  the  derivation  and 
solution  of  a  set  of  simultaneous  equations.  In  deriving  a  set  of  equa¬ 
tions  for  solution,  the  number  of  unknown  quantities  are  dependent  upon 
the  number  of  sections  of  pipe  between  the  pools  and  surge  tanks.  It  is 


*  Formerly  of  the  Ohio  River  Division  and  now  with  the  Washington 
District. 


A2 


necessary  to  obtain  the  results  for  small  successive  finite  increments 
of  time,  assuming  the  discharge,  friction  head,  velocity  head,  elevation, 
and  retarding  head  to  vary  as  a  straight  line  during  the  interval  of  time 
involved.  The  variable  factors  are  adjusted  after  each  step  before  pro¬ 
ceeding  with  the  computation  for  determining  the  next  series  of  incre¬ 
mental  changes.  On  plate  A1  is  shown  the  derivation  of  the  basic  equa¬ 
tions  used  for  determining  the  set  of  simultaneous  equations  applying  to 
a  continuous  sewer  with  numerous  risers  or  surge  tanks.  It  is  necessary 
that  either  the  elevation  of  the  uppermost  pool  remain  constant,  or  that 
flow  into  the  pool  and  the  dimension  of  the  pool  be  given  or  assumed. 

The  derivation  may  be  expanded  to  include  as  many  laterals  as  are  desir¬ 
able,  provided  that  each  junction  of  the  lateral  with  the  main  sewer  or 
another  lateral  is  made  at  a  riser  or  surge  tank.  The  uppermost  point 
in  each  lateral  system  also  must  meet  the  conditions  stated  for  the  upper¬ 
most  point  on  the  main  sewer.  The  finite  increment  of  time  should  not 
be  taken  too  large  or  the  computation  must  be  carried  to  too  many  places 
to  obtain  a  check.  The  results  obtained  through  use  of  time  increments 
that  are  quite  large  often  lead  to  serious  errors  because  of  the  approx¬ 
imations  used  in  deriving  the  basic  equation. 

4.  If  it  should  be  desirable  that  the  relationship  for  friction 
head  and  velocity  head  follow  approximately  a  curve  line,  it  then  becomes 
necessary  to  solve  a  new  set  of  simultaneous  equations  for  each  step.  A 
change  in  the  area  of  the  riser  for  change  in  elevation  also  would  re¬ 
quire  a  separate  solution  of  equations  for  each  step.  In  many  instances 
the  same  solution  of  equations  can  be  used  for  several  steps,  as  demon¬ 
strated  by  the  computations  on  plate  A2. 

5-  The  computations  shown  on  plate  A2  were  made  for  conditions 
similar  to  those  used  in  the  model  tests,  and  hydrographs  which  are 
plotted  from  the  results  of  the  computation  are  shown  on  plate  A3.  The 
results  of  the  model  tests  plotted  to  the  same  scale  as  used  to  plot  the 
computed  results  are  shown  on  plate  Ah. 

6.  Prom  a  comparison  of  the  model  and  computational  hydrographs 
the  proposed  computational  procedure  appears  to  be  quite  satisfactory. 

It,  therefore,  was  considered  expedient  and  economical  to  terminate  the 


model  studies  and  complete  the  study  through  the  computational  procedure 
outlined  above. 
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APPENDIX  B 


ANALYSIS  OF  SURGES  IN  SOUTHERN  OUTFALL  SEWER  (PROTOTYPE) 
by  F.  U.  Bruml  and  H.  B.  Willis* 

(November  1950) 

General 

1.  Southern  Outfall  Sewer  drains  a  large  portion  of  the  central 
urban  area  to  be  protected  by  the  Louisville,  Kentucky,  Flood  Protection 
Project.  State  Fairgrounds  Pumping  Plant  is  planned  to  pump  flood  per¬ 
iod  runoff  carried  to  the  line  of  protection  by  this  sewer  when  drainage 
by  gravity  is  blocked  by  high  river  stages.  This  plant  will  pump  com¬ 
bined  storm  runoff  and  industrial  and  sanitary  sewage  from  an  area  of 
over  seven  square  miles  against  static  heads  ranging  from  11  to  67  ft. 

With  the  pumping  plant  operating  at  or  near  design  capacity,  flow  condi¬ 
tions  in  Southern  Outfall  Sewer  will  be  especially  conducive  to  develop¬ 
ment  of  large  surges  in  the  pumping  plant  sump,  the  main  sewer,  connecting 
sewers  and  manholes,  if  the  pumping  plant  discharge  is  suddenly  decreased 
or  stopped  altogether.  Therefore,  considerable  study  has  been  given  to 
analyses  of  surges  that  could  develop  under  various  operating  criteria 
in  order  to  evaluate  conditions  that  could  develop  so  as  to  determine  a 
practicable  method  for  alleviating  these  surges.  This  method  would  then 
be  incorporated  into  design  of  the  pumping  plant  and  other  planned  work. 
The  basic  report  describes  surge  tests  in  a  greatly  simplified  model  of 
part  of  Southern  Outfall  Sewer  in  which  surges  were  produced  by  sudden 
closure  of  a  valve  at  the  outlet  end  of  the  model  sewer.  Appendix  A 
describes  the  development  of  a  method  for  analytically  determining  surge 
heights  in  a  simple  sewer  system,  and  shows  that  surges  computed  by  this 
method  for  the  model  sewer  compare  very  favorably  with  the  surges  meas¬ 
ured  in  the  model  tests.  The  method  of  computing  surges  in  the  proto-' 
type  sewer  is  described  in  the  following  paragraphs. 
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B2 


Southern  Outfall  Sever 

2.  The  areas  served  by  the  major  sewer  systems  in  the  western  por¬ 
tion  of  Lousiville  are  shown  on  plate  Bl.  Southern  Outfall  Sewer,  which 
is  the  second  largest  sewer  in  the  city  system,  is  within  this  group.  It 
is  estimated  that  a  sewered  area  of  about  4,540  acres  served  by  this 
sewer  will  contribute  storm  runoff  to  the  planned  State  Fairgrounds  Pump¬ 
ing  Plant  within  a  short  time  after  beginning  of  rainfall.  This  area  is 
shown  on  plate  B2.  In  addition  to  the  4,540-acre  area,  an  area  located 
near  the  eastern  limits  of  the  sewer  system  slowly  drains  into  Southern 
Outfall  Sewer  through  ditches.  Because  of  the  very  slow  runoff  from  this 
area,  it  has  been  neglected  in  determining  the  pumping  capacity  required 
at  State  Fairgrounds  Pumping  Plant.  The  drainage  area  is  flat  with  con¬ 
siderable  variation  in  development.  About  75  per  cent  of  the  area  con¬ 
tains  residential  developments,  5  per  cent  commercial  developments  and  17 
per  cent  industrial  developments.  The  remainder  is  in  parks,  cemeteries, 
and  other  open  spaces.  The  population  of  the  area  served  by  Southern 
Outfall  Sewer  is  about  60,000  persons.  The  area  is  drained  by  a  well- 
developed  system  of  sewers,  as  shown  on  plate  B2.  The  main  sewer,  a 
profile  of  which  is  shown  on  plate  B3,  is  built  of  reinforced  concrete 
and  consists  of  horseshoe  and  semielliptical  sections  of  varying  sizes. 
The  largest  of  these  is  a  15-ft-6-in.  x  15-ft-2-in.  horseshoe  section, 
which  is  3,247  ft  long  and  flows  into  a  sewer  of  smaller  section  approx¬ 
imately  1500  ft  landside  of  the  line  of  protection.  This  next  section 
of  sewer  is  considerably  smaller  but  is  on  a  steeper  grade  and  has  a 
brick  paved  invert.  In  addition  to  runoff  from  the  drainage  area  shown 
on  plate  Bl,  Southern  Outfall  Sewer  carries  sanitary  or  dry  weather  flows 
from  the  areas  to  the  north  that  are  drained  by  Western  Outfall  and 
Northwestern  Trunk  Sewers.  The  dry  weather  flows  of  these  two  sewers 
reach  Southern  Outfall  Sewer  through  Western  Interceptor  at  a  point  ap¬ 
proximately  1500  ft  landward  from  the  line  of  protection.  At  various 
points  near  the  perimeter  of  Southern  Outfall  Sewer  drainage  area  there 
are  sewers  that  interconnect  this  area  with  other  sewer  systems.  How¬ 
ever,  the  probable  amounts  of  flow  through  these  interconnections  during 
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periods  of  intense  rainfall  are  so  small  compared  to  the  flow  that  will 
reach  State  Fairgrounds  Pumping  Plant  that  these  interconnections  have 
been  neglected  in  determining  station  capacity. 

Planned  Pumping  Capacity 

3-  Since  construction  of  Southern  Outfall  Sewer  in  1910,  the  area 
served  has  been  extended  by  construction  of  tributary  sewers  and  has 
undergone  intensive  development.  As  a  result,  the  sewer  is  now  over¬ 
loaded  and,  even  with  low  river  stages,  intense  storms  frequently  produce 
damaging  hydraulic  gradients  and  flooding  along  several  reaches  of  sewer. 
Flood-period  design  rainfalls  ordinarily  used  for  determining  pumping  re¬ 
quirements  for  interior  drainage  would  cause  considerable  damage  in  the 
area  drained  by  Southern  Outfall  Sewer  because  of  the  inadequate  sewer 
capacity  now  provided.  For  this  reason  the  planned  pumping  capacity  at 
minimum  design  head  for  the  State  Fairgrounds  Pumping  Plant  is  based,  not 
upon  design  rainfall  criteria  as  used  at  other  plants,  but  on  the  maxi¬ 
mum  flow  that  the  existing  sewer  can  deliver  to  the  pumping  plant  with¬ 
out  producing  excessive  damage  within  the  protected. area.  In  order  to 
fully  utilize  the  capacity  of  the  existing  sewer  and  to  provide  as  high 
a  degree  of  protection  as  possible  with  the  conditions  that  exist,  it  is 
planned  that  during  pumping  periods  the  hydraulic  gradient  at  the  pump¬ 
ing  plant  intake  will  be  held  at  or  below  the  crown  of  the  existing  sewer. 
Computations  based  upon  a  value  of  Rutter' s  "n"  of  0.013  for  the  main 
sewer  indicate  that  the  maximum  discharge  that  the  sewer  can  deliver  to 
the  pumping  plant  under  these  conditions  without  producing  considerable 
damage  in  the  protected  area  is  about  1700  cfs.  However,  in  order  to 
allow  an  additional  margin  of  safety,  it  is  planned  to  provide  l800-cf s 
pumping  capacity  at  minimum  design  head  at  State  Fairgrounds  Pumping 
Plant.  As  mentioned  above,  the  computations  of  discharge  capacity  of 
Southern  Outfall  Sewer  were  based  upon  a  value  of  Rutter's  "n"  of  0.013, 
which  is  commonly  used  for  design  of  concrete  sewers.  However,  measure¬ 
ments  of  discharge  in  the  15-ft-6-in.  by  15-ft-2-in.  concrete  horseshoe 
section  of  this  sewer  indicate  that  a  value  of  "n"  of  0.016  would  be  more 


applicable  to  this  section.  Rainfall  criteria  normally  used  to  determine 
pumping  capacities  at  maximum  design  heads  would  not  result  in  runoff 
rates  that  exceed  the  capacity  of  Southern  Outfall  Sewer.  The  required 
capacity  of  the  State  Fairgrounds  Pumping  Plant  at  maximum  design  head 
based  on  these  criteria  is  910  cf s .  The  computed  hydraulic  gradient  in 
the  main  sewer  for  l800-efs  inflow  to  the  pumping  plant  is  shown  on  plate 
B3.  This  profile  is  based  upon  uniform  contribution  of  runoff  from  the 
tributary  sewered  area.  It  will  be  noted  that  the  computed  hydraulic 
gradient  on  plate  B3  shows  that  approximately  33? 000  ft  of  the  main  sewer 
will  be  surcharged  when  the  inflow  to  the  pumping  plant  is  1800  cfs. 

Under  these  conditions  the  velocities  in  the  surcharged  sections  of  sewer 
would  be  as  high  as  20  ft  per  sec  (in  10-ft-7-in.  by  10-ft-l-l/2-in. 
sewer  near  pumping  plant).  The  kinetic  energy  of  the  large  mass  of  water 
moving  at  high  velocities  through  surcharged  sewers  introduces  the  pos¬ 
sibility  of  large  surges  developing  upon  pump  shutdown. 

Generalized  Model  of  Prototype  Sewer 

4.  The  analytic  method  of  determining  surge  heights  described  in 
appendix  A  assumes  that  the  sewer  is  divided  into  reaches  with  the  sewer 
barrel  in  each  reach  having  a  uniform  cross-sectional  area,  and  that  the 
rate  of  flow  at  any  instant  is  constant  throughout  each  individual  reach. 
The  method  also  assumes  a  surge  tank  located  between  adjacent  reaches  of 
sewer  with  the  cross-sectional  area  of  each  tank  representing  the  com¬ 
bined  horizontal  areas  of  any  manholes  in  the  reach  or  partially  filled 
tributary  sewers  connecting  with  the  reach  that  would  afford  surge  re¬ 
lief.  By  this  method,  determination  of  the  surges  during  each  short  time 
interval  requires  the  solution  of  a  group  of  simultaneous  algebraic  equa¬ 
tions,  one  equation  for  each  reach  of  sewer  in  the  system.  From  exami¬ 
nation  of  the  plan  and  profile  of  Southern  Outfall  Sewer  shown  on  plates 
B2  and  B3,  it  is  obvious  that  it  would  not  be  practicable  to  analyze 
surge  action  in  this  sewer  by  the  above-described  method  if  each  inflow 
point,  change  of  sewer  section,  or  opening  in  the  sewer  section,  or  open¬ 
ing  in  the  sewer  barrel  is  considered  separately.  For  this  reason 


analysis  has  been  based  upon  a  hypothetical  sewer  system,  differing  con¬ 
siderably  from  the  prototype  but  having  essentially  the  same  characteris¬ 
tics  insofar  as  the  effect  upon  surge  action  is  concerned.  In  develop¬ 
ing  the  hypothetical  system,  several  lengths  of  sewer  having  slightly 
different  cross-sectional  areas  and  rates  of  discharge  have  been  con¬ 
sidered  as  one  reach  having  a  length  equivalent  to  the  corresponding  reach 
in  the  prototype,  but  with  cross-sectional  area  and  initial  rate  of  dis¬ 
charge  roughly  equivalent  to  the  weighted  averages  of  the  areas  and 
initial  discharges  of  the  respective  lengths  of  the  reach  of  prototype 
sewer.  To  facilitate  computations,  the  hypothetical  system  was  made  as 
simple  as  possible  without  departing  too  much  from  those  characteristics 
of  the  prototype  sewer  that  influence  surge  heights.  For  example,  since 
surge  is  a  function  of  the  kinetic  energy  of  moving  water  in  the  sewer 
system,  .it  is  apparent  that  in  computing  surge  heights  at  points  near  the 
river,  the  kinetic  energy  of  water  in  small  laterals  and  near  the  upper 
end  of  the  main  sewer  may  be  neglected  if  this  energy  is  a  very  small 
part  of  the  total  energy  in  the  system.  With  l800-cfs  inflow  to  the 
pumping  plant,  the  kinetic  energy  of  the  water  in  all  the  surcharged 
laterals  would  be  but  a  small  part  of  the  total  kinetic  energy  of  the 
water  in  the  main  sewer.  Therefore,  surge  computations  were  not  extended 
to  the  laterals,  but  the  laterals  were  considered  to  discharge  directly 
into  the  surge  tanks  of  the  hypothetical  sewer  system.  It  was  also  found 
that  the  kinetic  energy  of  water  contained  in  the  surcharged  main  sewer 
upstream  from  Third  and  Avery  Streets  (point  6  on  profile  on  plate  B3) 
was  less  than  one  per  cent  of  the  total  energy  in  the  system  with  a  pump¬ 
ing  plant  inflow  of  1800  cfs.  Thus,  surge  computations  have  not  been  ex¬ 
tended  upstream  from  this  point,  but  it  has  been  assumed  that  a  constant 
level  headwater  reservoir  is  located  at  point  6  on  the  main  sewer.  The 
hypothetical  sewer  system  adopted  for  the  computation  of  surge  heights 
includes  five  surge  tanks  and  a  constant  level  reservoir  as  shown  on 
plate  B5-  Initial  water-surface  elevations  and  discharges  required  for 
the  computation  of  surge  heights  resulting  from  complete  shutdown  of  the 
pumping  plant  from  1800  cfs  are  also  shown. 


Method  of  Analysis 


5.  The  method  of  determining  surge  heights  provides  for  the  pro¬ 
gressive  calculation  of  surges  in  all  risers  in  the  system  during  succes¬ 
sive  time  intervals.  Derivation  of  basic  equations  for  this  method  of 
analysis  from  the  general  laws  of  motion  is  shown  on  plate  A1  in  appendix 
A.  These  basic  equations  express  changes  in  flow  in  each  reach  of  sewer 
for  a  short  interval  of  time  in  terms  of  elements  of  the  sewer  system, 
physical  constants,  length  of  time  interval,  and,  also,  the  discharges, 
water-surface  elevations,  and  hydraulic  losses  that  exist  at  the  begin¬ 
ning  of  the  period.  One  such  equation  is  derived  for  each  reach  of 
sewer  in  the  system.  Thus,  for  a  sewer  system  with  five  risers  the  changes 
in  flow  in  each  reach  within  a  short  time  interval  are  expressed  by  five 
simultaneous  linear  equations  involving  the  five  unknown  changes  in  dis¬ 
charge.  It  will  be  noted  that,  in  order  to  make  the  basic  equations 
linear,  hydraulic  losses  between  surge  tanks  are  assumed  as  linear  func¬ 
tions  of  discharge.  This,  of  course,  is  not  true,  but  such  an  assumption 
permits  the  simplification  of  the  computation  procedure  and,  in  the  usual 
case,  the  errors  resulting  from  this  assumption  will  not  greatly  affect 
the  computed  surge  heights.  Application  of  the  analytic  method  to  com¬ 
putation  of  surges  that  would  result  from  total  plant  shutdown  from  1800 
cfs  is  shown  on  plate  B5«  In  this  and  other  surge  computations  it  has 
been  assumed  that  pump  discharge  would  cease  instantaneously,  although  it 
is  known  that,  owing  to  inertia  of  the  moving  parts  of  the  pimping  units 
and  the  water  within  the  pump  passages,  pump  discharge  would  not  stop 
immediately.  However,  in  the  model  tests  of  surges  described  in  the  basic 
report,  it  was  found  that  within  certain  limits  variation  in  time  for 
complete  stoppage  of  pump  discharge  made  no  appreciable  differences  in 
the  height  of  surges  produced.  It  will  be  noted  that  computations  in  this 
example  have  been  carried  to  several  more  significant  figures  than  would 
be  justified  by  the  basic  data  and  the  nature  of  the  problem.  This  was 
done  to  facilitate  arithmetical  checks  for  each  interval  of  time  in  the 
computations.  In  all  of  the  computations  of  surges  in  Southern  Outfall 
Sewer  the  time  interval  used  in  the  step-by-step  computations  was  20  sec. 
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as  this  interval  was  found  adequate  to  properly  define  the  surges  in  this 
system  without  requiring  an  excessive  amount  of  computation.  As  shown 
on  plate  B5,  sheet  3,  a  cross-check  on  the  computations  is  provided  at 
the  end  of  each  successive  time  interval  if  the  increment  of  surge  in 
the  most  downstream  tank  computed  from  the  basic  equations  is  compared 
with  the  increment  of  surge  based  on  the  volume  of  water  entering  or 
leaving  the  surge  tank  during  the  same  time  interval. 

Surge  Relief  Reservoir 


6.  Some  of  the  extremely  high  surges  measured  in  the  model  tests 
would  not  occur  in  the  prototype  sewer  because  the  surges  measured  in  the 
model  were  generally  confined  in  surge  tanks  while  such  surges  in  the 
prototype  would  be  higher  than  the  ground  surface  and  would  not  be  con¬ 
fined.  However,  the  model  tests  and  preliminary  surge  computations  in¬ 
dicated  that  with  Southern  Outfall  Sewer  as  it  now  exists  there  are  pos¬ 
sibilities  of  large  and  possibly  destructive  surges  developing  in  the 
pump ing  plant  sump  and  along  the  lower  reaches  of  the  main  sewer  during 
pumping  periods.  High  or  moderately  high  surges  could  be  developed  under 
certain  circumstances  not  only  from  total  shutdown  of  pumping  plant,  but 
also  from  shutdown  of  individual  pump  units.  It  was  found  that  the  pump¬ 
ing  plant  itself  could  be  protected  from  damage  due  to  surges  in  the 
sump  by  installation  of  surge  relief  valves  or  flap  gates  which  would 
open  and  allow  discharge  direct  to  the  river  during  high  surges.  How¬ 
ever,  because  of  the  great  depth  of  the  planned  station,  it  would  be  dif¬ 
ficult  and  expensive  to  install  these  valves  at  an  elevation  low  enough 
to  provide  surge  relief  in  the  protected  area.  Also,  these  valves  would 
not  be  effective  in  preventing  surges  at  high  river  stages.  In  view  of 
these  circumstances,  it  appears  that  the  only  method  of  effectively  pro¬ 
tecting  the  pumping  plant  from  damage  by  surges  and  at  the  same  time  al¬ 
leviating  surges  in  the  main  sewer  within  the  protected  area  consists  in 
providing  a  surge  tank  or  surge  relief  reservoir  connected  to  the  sewer 
as  close  to  the  pumping  plant  as  possible.  This  surge  relief  reservoir 
would  function  in  the  same  manner  as  the  simple  surge  tanks  frequently 


constructed  where  long  penstocks  are  used  at  hydroelectric  installations. 
Fortunately,  a  site  for  the  development  of  a  surge  relief  reservoir  is 
available  adjacent  to  Southern  Outfall  Sewer  in  the  now  abandoned  chan¬ 
nel  of  Upper  Paddy  Run  within  the  Kentucky  State  Fairgrounds.  Topography 
at  this  site  is  shown  on  plate  Bk.  In  this  low  area  a  reservoir  with 
sufficient  storage  area  to  provide  effective  surge  relief  can  be  provided 
with  little  excavation  by  constructing  a  short  levee  across  the  abandoned 
creek  channel.  An  outlet  structure  with  sufficient  capacity  to  allow 
high  rates  of  flow  from  the  sewer  into  the  surge  relief  area  with  small 
loss  of  head  will  be  required.  Investigations  indicated  that,  if  possible 
a  surge  relief  reservoir  at  this  site  should  have  about  90,000  sq  ft  of 
horizontal  area,  as  a  much  smaller  reservoir  would  not  prevent  the  develop¬ 
ment  of  fairly  large  surges  in  the  pumping  plant  sump  upon  shutdown  of 
individual  pump  units.  It  appears  practicable  to  develop  a  reservoir 
with  about  90,000  sq  ft  of  horizontal  area  at  the  State  Fairgrounds  site 
and  such  a  reservoir  is  tentatively  planned.  Computations  of  surges  for 
total  plant  shutdown  from  1800  cfs  discharge  rate,  which  are  shown  on 
plate  B5,  sheets  1  and  3,  are  based  on  a  90,000-sq-ft  surge  relief  reser¬ 
voir. 


Results  of  Analyses 

7*  As  now  planned.  State  Fairgrounds  Pumping  Plant  will  have  four 
large  pumping  units  with  386 -cfs  capacity  each  at  minimum  design  head, 
and  two  smaller  units,  each  having  128-cfs  capacity  at  minimum  design 
head.  Surge  analyses  have  been  made  for  complete  plant  shutdown  when 
pumping  at  rated  capacity  at  minimum  head  (pump  plant  discharge  changing 
from  I8OO  cfs  to  zero),  for  shutdown  of  one  large  pump  unit  under  the 
same  conditions  (pump  discharge  changing  from  1800  cfs  to  l4l4  cfs),  and 
for  shutdown  of  one  small  pump  unit  (pump  discharge  changing  from  1800 
cfs  to  1672  cfs).  Computed  water-surface  elevations  in  risers  of  the 
hypothetical  system  with  a  90,000-sq-ft  surge  relief  reservoir  in  the 
State  Fairgrounds  for  the  first  five  minutes  after  complete  plant  shut¬ 
down  are  shown  on  plate  5,  sheet  4.  The  table  on  the  following  page 


shows  computed  maximum  surge  heights  at  the  pumping  plant  sump  and  at 
the  90^000-sq-ft  surge  relief  reservoir  in  the  State  Fairgrounds  for  com¬ 
plete  plant  shutdown  from  1800  cfs,  for  shutdown  of  one  large  pump  unit 
when  inflow  is  1800  cfs,  and  for  shutdown  of  one  small  pump  unit  under 
the  same  conditions.  It  should  he  noted  that  the  computed  surges  listed 
are  maxima  that  would  occur  in  the  first  four  or  five  minutes  after  change 
in  pump  discharge;  It  can  be  seen  that,  if  it  is  assumed  that  the  in¬ 
flows  to  the  sewer  system  remain  constant  as  was  done  in  the  surge  com¬ 
putations,  there  wQuld  be  a  gradual  filling  of  the  sewer  system  and  con¬ 
necting  low  areas  because  of  the  storage  of  inflow.  This  gradual  filling, 
if  continued  long  enough,  could  produce  higher  water-surface  elevations 
than  caused  by  the  surges  due  to  kinetic  energy  of  the  flowing  water. 
However,  records  of  storm  discharge  in  Southern  Outfall  Sewer  show  that 
peak  discharges  are  of  relatively  short  duration,  and,  for  this  reason, 
flooding  from  continued  sewer  discharge  would  not  be  as  rapid  as  indi¬ 
cated  by  the  surge  computations. 


COMPUTED  MAXIMUM  SURGE  HEIGHTS  WITH  90, 000 -SQUARE -FOOT 
SURGE  RELIEF  RESERVOIR  IN  STATE  FAIRGROUNDS 

(Pumping  Plant  Inflow  =  1800  cfs) 


Operating  Condition 


Complete  shutdown  of 
pumping  plant 

Shutdown  of  one  large 
(386  cfs)  pumping  unit 

Shutdown  of  one  small 
(128  cfs)  pumping  unit 


Maximum  Height  of 
Surge  in  Pumping 
Plant  Sump,  ft 

32 

7 

2.6 


Maximum  Height  of 
Surge  in  Surge 
Relief  Reservoir,  ft 

4 

1 

0.3 


Possibility  of  Surge  Development 

8.  Most  of  the  pumping  at  the  State  Fairgrounds  Pumping  Plant 
will  be  accomplished  under  conditions  that  will  not  be  conducive  to 
surge  development  upon  shutdown  of  pumping  units.  The  pumping  plant 
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will  be  operating  at  high  capacity  with  the  attendant  surcharge  of  a  con¬ 
siderable  part  of  Southern  Outfall  Sewer  very  infrequently.  A  long  reach 
of  surcharged  sewer  carrying  runoff  at  high  velocities  is  necessary  be¬ 
fore  surges  develop  in  the  magnitude  of  those  listed  above.  It  is  es¬ 
timated  that  a  pump  plant  discharge  of  1800  cfs,  upon  which  the  computed 
surges  discussed  above  are  based,  will  occur  once  in  about  25  years  on 
the  average.  There  is  little  probability  of  complete  shutdown  of  the 
pumping  plant  when  pumping  at  or  near  maximum  capacity.  In  the  design 
of  the  plant  and  its  power  supply  system  every  practicable  safeguard  to 
insure  dependable  operation  will  be  included.  As  now  planned,  power 
will  be  supplied  to  the  plant  by  two  three-phase  circuits  from  the  Paddy 
Run  Generating  Plant  of  the  Louisville  Gas  and  Electric  Company,  which 
is  located  about  one  mile  downriver  from  the  pumping  plant  site.  How¬ 
ever,  it  is  possible  that  inadvertent  misoperation  at  the  pumping  plant 
or  at  the  generating  plant  or  a  power  outage  due  to  transmission  line  or 
transformer  failure  will  cause  unintentional  complete  plant  shutdown.  If 
such  a  shutdown  should  occur  as  a  result  of  misoperation,  it  is  possible 
that  the  pumps  could  be  placed  in  operation  again  before  serious  surge 
developed.  The  computations  indicate  that  under  certain  conditions 
fairly  large  surges  will  develop  after  the  shutdown  of  one  large  pumping 
unit.  However,  the  pumping  schedule  is  to  be  arranged  so  that,  as  the 
pumps  are  progressively  shut  down  after  a  period  of  high  inflow,  the  max¬ 
imum  sudden  decrease  of  pump  discharge  will  be  equivalent  to  the  capacity 
of  one  of  the  smaller  pumps.  In  other  words,  when  it  becomes  necessary 
to  stop  a  large  pump,  the  two  128 -cfs  pumps  will  be  started  at  the  same 
time. 


Conclusions 


9-  It  is  estimated  that  the  planned  pumping  plant  could  be  pro¬ 
tected  from  possible  damage  due  to  surge  action  following  complete  plant 
shutdown  by  installation  of  high-level  surge  relief  valves  in  the  sump 
walls  at  lower  cost  than  by  construction  of  a  surge  relief  reservoir  in 
the  State  Fairgrounds.  However,  the  surge  relief  valves  would  afford 
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little  protection  against  damages  from  such  surges  in  the  area  within 
the  protection  works  and  would  not  alleviate  smaller  surges  in  the  pump¬ 
ing  plant  sump  and  in  Southern  Outfall  Sewer  that  could  develop  during 
ordinary  pumping  operations.  Since  there  is  little  probability  of  com¬ 
plete  plant  shutdown  when  the  plant  is  operating  at  or  near  maximum 
capacity,  construction  of  a  surge  relief  reservoir  solely  to  protect  the 
interior  area  against  damages  from  such  an  occurrence  may  not  be  justi¬ 
fied.  However,  the  computed  surges  for  shutdown  of  one  pumping  unit 
without  a  surge  relief  reservoir  indicate  that  rapid  changes  in  sump 
level  would  probably  make  plant  operation  very  difficult  and  that  surges 
in  the  main  sewer  and  its  laterals  might  cause  some  damage  in  the  pro¬ 
tected  area.  For  these  reasons  it  is  considered  that  the  surge  relief 
reservoir  should  be  provided  to  insure  reasonably  satisfactory  operating 
conditions  at  the  pumping  plant  tinder  all  conditions.  As  indicated  by 
the  computed  maximum  surge  heights  listed  in  paragraph  7,  even  with  the 
planned  surge  relief  reservoir  the  surges  in  the  pumping  plant  sump  for 
shutdown  of  a  single  pumping  unit  may  cause  difficulty  in  programming 
pump  operation.  For  this  reason  consideration  is  being  given  to  basing 
the  pump  operation  schedule  upon  stages  at  the  surge  relief  reservoir 
rather  than  on  stages  in  the  pumping  plant  sump  because  of  the  smaller 
amplitude  of  the  surges  in  the  reservoir. 
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p  Q  -  Discharge  in  section  of  sewer  upetres*  frcm  tank  at  beginning  of 

tine  period  considered  (cfs). 

I  -  Uni fare  tributary  inflow  considered  to  enter  tank  directly  (cfs). 
q  -  Retardation  (or  acceleration)  in  discharge  in  section  of  sever 
during  time  period  considered  (cfs). 

A  -  Cross -sectional  area  of  tank  (sq  ft), 
a  -  Cross -sectional  area  of  sever  (sq  ft). 

L  -  length  or  sever  section  (ft). 

Z  -  Elevation  of  water  surface  in  tank  at  beginning  of  tiae  period 
considered  (ft). 

AZ  -  Rise  (or  fail)  in  water  surface  elevation  in  tank  during  tine 
period  considered  (ft). 

F  -  Hydraulic  losses  in  reach  of  sewer  fear  Initial  conditions  (ft). 

&F  -  Change  in  hydraulic  losses  in  reach  during  tiae  period  considered  (ft). 
C  -  Hydraulic  loss  factor  such  that  Cq  -  if  (to  simplify  computations  it 
has  been  assumed  that  hydraulic  losses  are  linear  functions  of  sewer 
dischargee}. 

h  -  Retarding  (or  accelerating)  head  acting  to  cause  retardation  (or 
acceleration)  in  discharge  (ft). 

t  -  Tiae  period  (sec).  (Used  as  20  seconds  throughout  this  analysis.) 
g  -  Acceleration  due  to  gravity  (32.2  ft/sec2). 

U,V,W,X,Y  -  functions  of  (Qjh),  Used  to  simplify  equations. 

0,1, 2, 3 >**,5  -  Subscripts  to  denote  tank  number  or  reach  of  sever, 
b  -  Subscript  to  denote  beginning  of  tiae  period, 
a  -  Subscript  to  denote  average  during  tiae  period, 
e  -  Subscript  to  denote  end  of  tiae  period. 


FIVE  TASK  SYST31  ADOPTED  TO  SIMPLIFY  ANALYSIS 

Quantities  ehown  in  above  sketch  my  be  further  defined: 

represents  cross-sectional  area  of  pumping  plant  sump. 

Ag  represents  surge  area  assumed  to  be  made  available  at  State  Fairgrounds. 

A^,  A4  and  Ac  are  estimated  sever  and  manhole  areas  available  on  main  stem  and  tributary  severs. 

Zj,  %2t  Z-j,  and  Z5  are  the  hydraulic  grade  line  elevations  obtained  for  flow  conditions  In  the  prototype  sever 

producing  1800  era  at  the  pumping  plant. 

Ql,  ^2>  ®3»  Q4  and  Q5  are  average  initial  discharges  in  the  respective  reaches. 

H»  *3»  *4  and  L5  are  prototype  lengths  between  assumed  tank  locations. 

A  constant  level  pool  has  been  assumed  in  the  upper  reaches  of  the  sever  close  to  the  ground  surface  on  the  hydraulic 
grade  line  vhere  little  variation  In  elevation  vcxrld  occur  during  the  surge  period  studied. 
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figure  Stcur»cy  sue  found  neceetwry  to  Mlhtaln  proper  evaluntlou  of  ell  neetare  Involved  nod  to  obtain  .rltb^tieal  creek,  at  the  end  of  trei-h  ti*  period  ns  ehown  on  sheet  (3). ) 


Of!  (1)  ^(.0047619048  V  .0066666667  ♦  .000U1U111  .  .050918979)  ♦  .OOOUUUUqg  -  .OOO000000209J  -  (. 0095038095  ♦  .00002000200)  -  Qhj  .  .046666666  .  V 

(2)  ,000111imiq1  -  qjt.OOOUUlin  +  .0070955975  *  .0042553191  *  .10598689)  +  .0042553191q3  -  .0085106383(1^  -  «g)  ♦  .OOO02202022(ol  -  1^)  -  ahj  t  3.5744661  -  .046666666  -  V 

(3)  .0040553191^  -  ,3(. 0040553191  ♦  .0036752137  *  .0013605440  *  .10409938)  *  .00136054420^  .  .0065106383(05  -  Qj)  +  •Ooe(01o884(Q1(  -  -  01^  -  3.5744681  ♦  .60585033  .  V 

(4)  .0O136O5442,3  -  %(. 0013605442  v  .0037034043  *  .028571429  »  .11251109)  ♦  .00857140995  -  .0007210884(1^  -  04)  t  ,057142857(Q5  -  0^)  -  21^  -  .62585033  *  23.408571  -  X 

(5)  .0285714299,,  -  95<.028571429  *  .010000000  *  .17917904)  .  .057142857(0,,  -  05>  -  2hj  -  23.406571  -  Y 

An*!  (1)  -  .064458662q3  ♦  .OOPUllmiq,  -  .0000222222205  -  .OO9746O3170J  -  21^  *  .046666666  .  u 

(2)  .000111  UlUq,  -  .1176489095  -  ,0042553191q3  -  .OOSSloesSsJOj  -  0j)  *  .00000202020 {0j  -  Oj)  -  Zh^  *  3.5278014  -  V 

(3)  .004255319195  -  .U339046q3  *  .00136054429^  -  .0085106383(02  -  Oj)  *  .0027210384(0,,  -  0^)  -  2^  -  2.9486178  -  W 

(4)  .0013605448q3  -  .146166479^  ♦  .02857142995  =  .0027210884(0^  -  0^)  »  .057142857(05  -  0,,)  -  2\  *  22.802721  -  X 

(5)  .0285714099^  -  .2177504795  »  .057142857(0^  -  05)  -  265  -  03.428571  -  Y 

By  Elimination: 

*9  (4)  x  7.621266)  (6)  -1.11397360^  ♦  .2177504795  v  ,010369070q3  -  7.6212663X 


*0  (5)  ♦  Sq  (6)  (7)  -1. 


♦  .0103690709  •  7.6212663 X  +  Y 


«0  (3)  »  797.77063  (8)  1.08540209^  *  3-3947686^  -  9O.45957903  •  797.77063W 


*9  (7)  ♦  *9  (8)  (9) 


3-3947686qg  -  90.449210q3  -  797.T7O630  ♦  7.6212663X  ♦  Y 


*9  (0)  s  21,255.565  (10)  0.36172940J  -  2500.694395  ♦  90.449210.5  -  01,055.565V 


»q  (9)  *  »»  (10)  (11)  0.36172949,  -  0497.299595 

Bq  (1)  x  22,475,696  (l2)  -1,448,753.39,  *  2497.2995qp 

Sq  (11)  .  Kq  (12)  (13)  -1,448,750.90, 


=  21,255. 565F  +  797.77063W  +  7.62126631  +  T 

-  22,^75,6960 

-  22,1*75,6960  +  21,255.565V  ♦  797.T7063W  +  7.6S12663X  +  Y 


Eq  (13)  *  . 00000069024979  qx  -  -I5.513QWU  -  .OIU67 1649V  -  .00055066101V  -  .0000052605775*  -  .OOOOOO6902L979T 

Eq  (U)  *  .OOOkOOk3255  qg  »  -  8.5114201V  -  .31945333^  -  .0030518031*  -  .0004004 325 5Y  +  -O0094571333q1 

Eq  (9)  x  .011055929  q3  -  -  8.8200954V  -  .084260179X  -  .0110559291  ♦  .037532321q2 

Eq  (7)  *  .92131746  »  -  7.0216057*  -  .92131746T  ♦  .0095532052q- 


Eq  (5)  X  4.5924126 


-  4.5924126Y  ♦  .13121179^  : 


Solving  for  q  in  terms  of  U  ,  V  ,  V  ,  X 


«1  - 

-15-513844U 

01467164 9U 

-.014671649V 

-.OOOOI3875174V 

-8.5114201V 

—  00055O66101W 
-.0000005208W 

-.31945333W 

-.0000052605775* 

-.000000004975X 

-.00305180311 

—  000000690249791 
— OOOOOOOOO65  3Y 

-000400432551 

qg  = 

-.014671 64 9U 
-.00055066104U 

-8. 5114340V 
-.31945387V 

-.31945385W 

-.O11909844W 

-8.8200954m 

-.0030518081* 
-.000114541441 
— 08426017 9X 

-.00040043320Y 

-.0000150292Y 

-. 01105 5929Y 

*3  “ 

-.00055066l04u 

-.0000052605779U 

-31945387V 

-.OO3O518084V 

-8.8320852M 

-084374722V 

-.084374720X 

-.00060604901X 

-7.0216057* 

-.0110709581 

-.00010576313* 

-.92131746Y 

«4  * 

000005260577  5W 

-.000000690249840 

-. 00305l8064v 
-.00040043324V 

-.064374722V 

-.011070958V 

-7.0224122* 

-.92142327X 

—  92142322Y 
-.120901591 

-4.59241261 

*5  “ 

-.000000690C4984U 

-.00040043324V 

-.011070958V 

—92142327* 

-4.71331421 

It  is  to  be  noted  that  in  the  equation*  belov  the  coefficient*  of  U  ,  V  ,  V  ,  X  and  T  are  repeated  in  a  regular  pattern,  providing  an  arithmetical  check  on  the  computation  of  these  coefficient*. 
Equation*  to  Seven  Significant  Figures: 


’I  • 

-15- 51384U 

-.01467165V 

-.0005506610V 

-.000005260578* 

-.00000069024961 

0e  - 

-O1467165U 

-8.511434V 

-.319453a» 

003051806* 

-.00040043321 

’3  • 

-.00055066100 

-.3194539 v 

-8.832085V 

-.08437472* 

—01107096! 

01.  - 

-000005260578U 

-.003051808V 

-,08437472V 

-7- 022412* 

-.92142321 

05  ■ 

-.00000069024980 

-.0004004332V 

—OHO7096V 

— 9214232X 

-4.7133141 

COMPLETE  SHUTDOWN  OF 
STATE  FAIRGROUNDS  PUMPING  PLANT 

(1800  CFS  TO  0  CFS) 


SHEET  I  OF  A 


PLATE  B5 


Time  in 
Seconds 

«i 

“2 

ft3 

«4 

*5 

Time  in 
SecondB 

"i 

*2 

>3 

h5 

0 

1800.0000 

265.9516 

1590.0000 

.2515 

1170.0000 

.0094 

940.0000 

.0001 

530.0000 

.0000 

0 

0 

0 

0 

0 

0 

20 

1534.0484 

662.4226 

1589.7485 

1.5665 

1169.  9906 
.0941 

939.9999 

.0012 

530.0000 

.0002 

20 

14.0738 

.02665718 

.00098268 

.00001014 

.00000212 

40 

871.6258 

776.5826 

1588.1820 

4.7^55 

1169.8965 

.4596 

939.9987 

.0077 

529.9998 

.0015 

40 

20.98083 

.1393760 

.00881134 

.00012260 

.00002562 

60 

95.0^32 

632.3287 

1583.4365 

9.6058 

II69.4367 

1.4868 

939.9910 

.0332 

529.9983 

.0085 

60 

20.11513 

.3635872 

.03905746 

.00074638 

.00024644 

8o 

-537.2855 

326.7667 

1573.8307 

14.9286 

1167.9499 

3.6142 

939.9578 

.1060 

529.9898 

.0340 

80 

13.34705 

.6545042 

.1157222 

.00299134  .00127470 

100 

-864.0522 

-14.3010 

1558.9021 

19.1477 

1164.3357 

7.0934 

939.8518 

.2713 

529.9558 

.1072 

100 

3.945110 

.9277336 

.2605124 

.00893988 

.00482174 

120 

-849.7512 

-280.3656 

1539.7544 

21.0864 

1157.2423 

11.7453 

939.5805 

.5842 

529.84 86 

.2791 

120 

-4.701903 

1.101672 

.4779024 

.02158966 

.01437790 

140 

-569.3856 

-406.4720 

1518.6680 

20.4436 

u.45.4970 

16.8677 

938.9963 

1.0958 

529.5695 

.6214 

140 

-10.13476 

1.133212 

.7447730 

.04413448 

.03562766 

160 

-162.9136 

-383.4399 

1498.2244 

17.8688 

1128.6293 

21.3681 

937.9005 

1.8403 

528.9481 

1.2119 

160 

-11.37532 

1.033546 

1.011141 

.07915180 

.07571982 

180 

220.5263 

-249.0991 

1480.3556 

14.644-4 

1107.2612 

24.092s 

936.0602 

2,8262 

527.7362 

2.1096 

180 

-8.91592 

.860313 

1.213267 

.1279072 

.1414184 

200 

469.6254 

-67.H82 

1465.7112 
12. 1421 

1083.1684 

24.2316 

933.2340 

4.0324 

525.6266 

3.3298 

200 

-4.266150 

.691807 

1.294781 

.1900690 

.2365710 

220 

536.7436 

1453.5691 

1058.9368 

929.2016 

522.2968 

220 

.714322 

.595095 

1.227717 

.•2636166 

.3600630 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7)  (8) 

(9) 

(10) 

(11) 

(12) 

Time  in 
Seconds 

.0002222222Q2 

-.0097460329, 

Col  (1)1(2) 

col  (3>  + 
.04666666 

Col  (4)  - 
-  <D) 

(«3  -  «2) 

Col  (6)  x  ,  . 

.008510638  ”1  *2' 

Col  (8)  x 
.0002222222 

Col  <7k(9) 

Col  (10)  + 
3.527801 

Col  (11)  - 
21^  =  (V) 

0 

20 

.3533333 

-17. 54286 

-17.18953 

-17.14286 

-17.14286 

-420.0000 

-3.574468  210.0000 

.04666666 

-3.527801 

0 

0 

40 

.3532774 

-14.95088 

-14.59760 

-lU. 55093 

-42.69871 

-419.7579 

-3.572408  -55.7001 

-.01237780 

-3.584786 

-.056985 

-.1102994 

60 

.3529293 

-8.494893 

-8.141964 

-8.095297 

-50.05696 

-418.2855 

-3.559876  -716.5562 

-.1592347 

-3.719111 

-.191310 

-.470062 

80 

.3518747 

-.9262941 

-.5744194 

-.5277527  -40.75801 

-413.9998 

-3.523402  -1488.393 

-.3307540 

-3.854156 

-.326355 

-1.053529 

100 

.3497401 

5.236402 

5.586142 

5.632809 

-21.06129 

-405.8808 

-3.454305  -2111.116 

-.4691368 

-3.923442 

-.3956U10 

-1.704649 

120 

.3464227 

8.421080 

8.767503 

8.814170 

.923950 

-394.5664 

-3.358012  -2422.954 

-.5384342 

-3.896446 

-.368645 

-2.224112 

140 

.3421676 

8.281702 

8.623870 

8.670537 

18.07434 

-382.5121 

-3.255422  -2389.506 

-.5310013 

-3.786423 

r. 258622 

-2.461966 

160 

.3374817 

5.549250 

5.886732 

5.933399 

26.20292 

-373.1710 

-3-175923  -2088.0536 

-.4640119 

-3.639935 

-.1121340 

-2.378558 

180 

.3329387 

1.587761 

1.920700 

1.967367 

24.71801 

-369.5951 

-3.145490  -1661.1380 

-.3691417 

-3.514632 

.013169 

-2.053923 

200 

.3289679 

-2.149256 

-1.820288 

-1.773622 

16.05822 

-373.0944 

-3.175271  -1259.8293 

-.2799620 

-3.455233 

.072568 

-1.648058 

220 

.3257136 

-4.576984 

-4.251270 

-4.204603 

4.32770 

-382.5428 

-3.255683  -996.0858 

-.2213524 

-3.477035 

.050766 

-1.332848 

240 

.3230153 

-5.231120 

-4.908105 

-4.86143B 

-6.29OO82 

-394.6323 

-3.358573  -916.8255 

-.2037390 

-3.562312 

-.031+511 

-1.224701 

Col  (1)  x 
.008510638 


<«4  -  V 


Col  (3)  x 
■002721088 


Col  (gUflO 


Col  (5)  - 
2.918618 


(7) 

Col  (6)  - 


120.0000 

119.7579 

U8.2855 

113.9998 

105.8808 

391.5661 

382.5121 

373.1710 

369.5951 
373. 09U 
382.5128 

391.6323 


3.571168 

3.572108 

3.559876 

3.523I02 

3.151305 

3.358012 

3.255I22 

3.175923 

3.115190 

3.175271 

3.255683 

3.358573 


Col  (1)  x 
■002721088 


-230.0000 

-229.9907 

-229.8978 

-229.II57 

-227.9921 

-221.1839 

-217.6618 

-206.5007 

-190.7288 

-171.2010 

-H9.93II 

-129.7352 


(3) 

<«5  '  V 


-110.0000 

-109.9999 

-109.9989 

-109.9927 
-109.9680 
-109.8960 
-109.7319 
-109.1268 
-108.9521 
-108.3210 
-107.6071 
-I06. 9018 


-.6258502 

-.6258219 

-.6255721 

-.6213119 

-.6203866 

-.6108101 

-.5922769 

-.56190 66 
-.5189898 

-.1658530 

-.1079817 

-.3530209 


Col  (3)  x 
■05711286 


-23.12857 

-23.12857 

-23.12851 

-23.12816 

-23.12671 

-23.12263 

-23.U325 

-23.39582 

-23.36871 

-23.33280 

-23.29185 

-23.25170 


2.918618 

2.916583 

2.931301 

2.899060 

2.833918 

2.717172 

2.663115 

2.611016 

2.626500 

2.709II8 

2.8I7698 

3.005552 


-.002035 

-.0040004 

-.014314 

-.031937 

-.049558 

-.127673 

-.114700 

-.346144 

-.201446 

-.722471 

-.285473 

-1.241278 

-.334602 

-1.824148 

-.322118 

-2.344400 

-.239200 

-2.665734 

-.100920 

-2.690482 

.056934 

-2.398500 

(6) 

(7) 

col  (5)  + 

22.80272 

Col  (6)  - 
2h4  -  (X) 

0 

0 

-.00002 

-.00001+ 

-.00022 

-.00046 

110.0000 
409. 9999 
109.9989 
109.9927 
109.9680 

I09.8960 
IO9.7319 
109.1268 
108.9521 
I08.32IO 
I07. 6071 
106.9018 


Col  (8)  x 

.05711286 


23.12857 

23.12857 

23.12851 

23.12816 

23.12671 

23.12263 

23.11325 

23.39582 

23.36871 

23.33280 

23.29185 

23.25170 


do) 

Col  (9)  - 
23.12857 


(11) 

Col  (10)  - 
21V  -  (Y) 


Time  in 

(1) 

(2)  (3) 

(4) 

(5) 

(1) 

(2) 

(3) 

-3194539V 

(4) 

(5) 

(1) 

(2) 

(4) 

(5) 

Seconds 

-15.51384U  - 

..01467165U  -.0005506610U  -. 

,0000052605780 

-.0000006902498U  -,01467165V 

-.003051808V 

-,0004004332V  -.000550661CW  -.3194538W  -8.832085W 

0 

20 

265.9516 

.2515140  .00943990 

.00009018 

.OOOOII83 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1+0 

662.4210 

.6264605  .02351251 

.  00022462 

.00002947 

.00161827 

.9388061 

.03523557 

.00033661 

.00004417 

.00000220 

.00127794  .0353319 

.00033753 

.00004429 

60 

776.5757 

.7344182  .02756442 

.00026333 

.00003455 

.00689659 

4.000902 

.1501631 

.00143454 

.00018823 

.00001759 

.01020240  .282070 

.00269468 

.00035357 

80 

632.3132 

.5979873  .02244385 

.00021441 

.00002813 

.01545701 

8.967043 

.3365539 

.00321517 

.00042187 

.00007030 

.04078563  1.127619 

.01077237 

.00141346 

100 

326.7415 

.3090039  .01159763 

.  00011079 

.  00001454 

. 02501001 

14. 50901 

.5445568 

.00520226 

.00068260 

.00019061 

. 1105770 

3.057173 

.02920580 

.00383215 

120 

-14.33401  - 

.01355587  -.00050878 
.2651804  -.00995283 

-.00000486 

-.00000064 

.03263139 

18.93038 

20.95486 

.7105013 

.00678756 

.00069061 

.00039784 

.2307961 

6.380925 

.06095829 

.00799845 

140 

-280.4024  - 

-.00009508 

-.00001248 

.03612110 

.7864846 

.00751345 

.00098585 

.00068352 

.3965310 

10.96307 

.1047325 

.01374214 

160 

-406. 5079  - 

.3844401  -.01442893 

-.00013784 

-.00001809 

.03489737 

20.24494 

.7598396 

.00725890 

.00095245 

.00100449 

.5827310 

16.11103 

.1539120 

.02019507 

180 

-383.4713  - 

.3626540  -.01361124 

-.00013003 

-.00001706 

.03013444 

17.48183 

.6561337 

.00626818 

.00082246 

.00129097 

.7489275 

20.70594 

.1978081 

.02595476 

200 

-249.1247  - 

.2356006  -.00884264 

-.00008448 

-.00001108 

.02417973 

14.0273“ 

. 5264786 

.00502956 

.00065994 

.00146792 

.9515789 

23.54399 

.2249206 

.02951223 

220 

-67.13925  - 

.06349450  -.00238310 

-.00002277 

-.00000299 

.01955508 

11.34445 

.4257835 

.00406760 

.00053372 

.00148154 

.8594847 

23.76257 

.2270087 

.02978622 

21+0 

97.58333 

.09228588  .  00346370 

.00003309 

.00000434 

.01796838 

10.42396 

.3912355 

.00373755 

.00049041 

.00132076 

.7662099 

21.18376 

.2023728 

.02655370 

(1) 

(2)  (3) 

(4) 

(5) 

(1) 

(2) 

(3) 

(4) 

(5) 

(1) 

,<*> 

(3) 

(4) 

(5) 

Seconds 

-.000005260578X  -.003051608X  -.08437472X  -7.022412X 

-. 00040043 32Y 

-.9214232Y 

Z  (1)  -  qx  : 

c  (2)  -  qj. 

x  (3)  -  q, 

£  (4)  »  q^ 

S  (5)  -  q. 

0 

20 

0 

0  0 

0 

0  0 

0 

0 

0 

0 

265.9516 

.2515140 

.00943990 

.00009018 

.00001183 

1+0 

0 

. 00000012  . 00000337 

.000281 

.0000369  0 

0 

0 

0 

0 

662.4226 

1.566545 

.09408335 

.00117976 

.00015483 

60 

0 

.00000140  .0000388 

.00323 

.000424  0 

.00000004 

.00000122 

.000101 

.000518 

776.5826 

4.745524 

.4598375 

.00772355 

.00151835 

80 

.00000001 

.00000790  .0002185 

.01819 

.002386  0 

.00000036 

. 00000996 

.000829 

.00424 

632.3287 

9.605824 

1.486845 

.03322095 

.00848946 

100 

.00000005 

.00002933  .0008108 

.06749 

.008855  0 

.00000175 

.00004849 

.004036 

.02064 

326.7667 

14.92862 

3.614187 

.1060448 

.03402429 

120 

.00000014 

.00008225  .0022739 

.18925 

.024832 

.00000001 

.00000624 

.00017249 

.014356 

.073433 

-14.30098 

19. 14771 

7.093364 

.2713470 

.1071534 

140 

.00000032 

.00018747  .0051831 

.43139 

.056603 

,00000003 

.00001765 

.00048801 

.040616 

.207763 

-280.3656 

21. 08642 

11.74527 

.5841569 

.2790815 

160 

.00000063 

.00036459  .010079 

.83890 

.11007 

,00000007 

.00004165 

.00115150 

.095837 

.490232 

-406.4720 

20.44364 

16.86767 

1.095770 

.6214314 

180 

_00000108 

.00062654  .0173221 

1.44170 

.189168 

,00000015 

.00008461 

.00233930 

.194697 

.995923 

-383.4399 

17.86881 

21.36812 

1.840343 

1.211851 

200 

.00000168 

.00097670  .0270033 

2.24745 

.294892 

,00000026 

.00015161 

, 00419158 

.348860 

1.78451 

-249.0991 

14.64445 

24.09282 

2.826176 

2.109563 

220 

.00000243 

.00140777  .0389212 

3.23937 

.425043 

,00000042 

.00024421 

.00675174 

.561939 

2.87446 

-67.II82I 

12.14209 

24.23164 

4.032363 

3.329820 

240 

.00000328 

.00190189  .0525823 

4.37637 

.574231 

,00000062 

. 00035919 

.00993065 

.826517 

4.22784 

97.60262 

11.28472 

21.64097 

5.409030 

4.829119 

General  Votea:  Sheet  2  la  uaed  to  evaluate  (q)e  trm  equations  developed  on  aheet  1.  These  q  values  are  the  Cases  0 f  determining  water  surface  elevations  (Z)  shown  on  sheet  3. 

Sheet  2  1b  uaed  in  conjunction  with  sheet  3.  New  values  of  Q  and  h  are  inserted  as  sheet  3  computations  progress.  The  Q  values  for  each  period  are  determined  by 
subtracting  the  retardation  in  discharge  (q.)  from  the  Q  values  at  the  beginning  of  the  preceding  period.  The  h  values  shown  are  h^  values  of  the  preceding  period 
shown  on  sheet  3* 

Values  of  Q  and  h  at  the  beginning  of  the  first  period  are  known  since  the  Q  values  are  those  far  steady  flow  conditions  at  the  Instant  of  stoppage  and  all  the 
h  values  are  zero. 
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PLATE  B5 


Tank  Item 

- 1 - 

2 

T 

4 

5 

1 

- 2 - 

3 

4 

5 

1 

- 2 - 

3 

4 

5 

.02645^9 

.05299344 

.052*  969 

.65625555 

.08958952” 

”  .02645945 

.0529934* 

.05204969 

.65655555 

.08558555 

.0264^9 

.05299344 

.05264989 

".45625555"- 

"TSB55B95 T 

C 

.00666 6666 

.007295598 

.003675214 

.003723404 

.01000000 

.00 6666666 

.0072955 98 

.003675214 

.003723404 

.01000000 

.006666666 

.007295598 

. 00367521* 

.003723*04 

.01000000 

Q-20 

20-40 

40-60 

(1) 

265.9516 

.2515140 

.00943990 

.00009018 

.00001183 

662.4226 

1.566545 

.09408335 

.00117976 

.00015483 

776.5826 

4.745524 

.**598375 

.00772355 

.00151835 

(2) 

AF  -  Cq 

i.  773010 

.00183495 

.00003469 

.00000034 

.00000012 

4.416150- 

.  01142888 

.0003*578 

.00000439 

.00000155 

5.177217 

.03*62144 

.00169000 

.00002876 

.00001518 

(3) 

ZAF 

1.774880 

.00187010 

.OOOO3515 

.00000046 

.00000012 

4.427931 

. 01178060 

.00035172 

.00000594 

.00000155 

5.213572 

.03635538 

.00173394 

.00004394 

.00001518 

(4) 

0 

0 

0 

0 

0 

14.07389 

.02665718 

.00098268 

•C0001014 

.00000212 

20.98083 

.1393760 

.00881134 

.00012260 

.00002562 

(5) 

ha  -  q  L/tga 

7.036944 

.01332859 

.00049134 

.00000507 

.00000106 

17.52736 

.08301661 

.00409701 

.00006637 

.OOOOI387 

20.54798 

.2514816 

.02393440 

.00043449 

.  00013603 

(6) 

14.07389 

.02665718 

.00098268 

.00001014 

.00000212 

20.98083 

.1393760 

.00881134 

.00012260 

.00002562 

20.11513 

.3635872 

.039057*6 

.0007*638 

.0002461*4 

(7) 

Zhfc 

0 

0 

0 

0 

0 

14.10154 

.02765212 

.00099494 

.00001226 

.00000212 

21. 12917 

.1483356 

.00895956 

.00014822 

.00002562 

(8) 

lk. 1015k 

.02765212 

.00099494 

.00001226 

.00000212 

21.12917 

.1483356 

.00895956 

.00014822 

.00002562 

20.51877 

.4036375 

.04005028 

.00099282 

.oooe4644 

(9) 

AZ  m  Zhf.  -  Zhh  +  ZAF 

15.876k2 

.02952222 

.00103009 

.00001272 

.00000224 

U.  455  56 

.1324641 

.0063163* 

.00014190 

.00002505 

4.603172 

.2916573 

.03282466 

.00088854 

.00023600 

(10)  AZ  check 

15.8T6k2 

11.45559 

4.603186 

60-80 

80-100 

100- 

ol 

oil 

(1) 

632.3287 

9.60582k 

1.486845 

.03322095 

.00848946 

326.7667 

14.92862 

3.61*187 

.1060448 

.03402429 

-l*. 30598 

19.11*771 

T. 093364 

.2713470 

.10*71534 

(2) 

AF  -  Cq 

4.215524 

.07008023 

.00546447 

.00012370 

.00008489 

2.178444 

.1089132 

.01328291 

.00039485 

.00034024 

-.0953399 

.1396940 

.02606963 

.00101033 

.00107153 

(3) 

ZAF 

4.291277 

.07575329 

.00567306 

.00020859 

.00008489 

2.301375 

.1229312 

.0140180 

.00073509 

.00034024 

..07250559 

.1678*55 

.02815149 

.00208186 

.00107153 

(4) 

20.11513 

.3635872 

.03905746 

.00074638 

.00024644 

13.34705 

.65450*2 

.1157222 

.00299134 

.00127470 

3.9*5110 

.9277336 

.2605124 

.00893988 

.00482174 

(■>) 

16.73109 

.5090457 

.07738982 

.00186886 

.00076057 

8.646080 

.7911189 

.1881173 

.00596561 

.0030*822 

-.3783966 

1.014703 

.3692074 

.01526477 

.00959982 

(6) 

he 

13.34705 

.6545042 

.1157222 

.00299134 

.00127470 

3.945110 

.9277336 

.2605124 

.00893988 

.00482174 

-4.701903 

1.101672 

.4779024 

.02158966 

.01437790 

(7) 

2hb 

20.51877 

.4036375 

.04005028 

.00099282 

. 00024644 

14.12154 

.7744924 

.1199882 

.00426604 

.00127470 

5.147118 

1.202008 

.2742740 

.01376162 

.00482174 

(8) 

Zhe 

lk. 1215k 

.7744924 

.1199882 

.00426604 

.00127470 

5.147118 

1.202008 

.274274 

.01376162 

.00482174 

-3.086361 

1.615542 

.5138700 

.03596756 

.01437790 

(9) 

AZ  -  Zlu  -  Zhh  +  ZAF 

-2.105953 

.4466082 

.0856110 

.00348181 

.00111315 

-6.673047 

.5504468 

. 1683038 

.01023067 

.00388728 

-8.160973 

.5813795 

.2677*75 

.0242878 

.01062769 

(10)  AZ  check 

-2.105916 

-6.673037 

-8.160969 

120-140 

140-160 

160-180 

(1) 

-280.3656  . 

21.08642 

11.74527 

. 5841569 

. 2790815 

-406.4720 

20.44364 

16.86767 

1.095770 

.621*31* 

-383.4399 

17.86881 

21.36812 

1.840343 

1.211851 

(2) 

AF  -  Cq 

-1.86910k 

.1538380 

.04316638 

.00217505 

.00279082 

-2.709813 

. 1491486 

.06199230 

.00407999 

.00621431 

-2.556266 

.1303637 

.078532*1 

.00685234 

.01211851 

(3) 

ZAF 

-1.667134 

.2019703 

.04813225 

.00496587 

.  00279082 

-2. 488378 

.2214352 

.07228660 

.01029430 

.00621431 

-2.328399 

.2278670 

.09750326 

.01897085 

.01211851 

(■>> 

-4.701903 

1.101672 

.4779024 

.02158966 

•01437790 

-10.13476 

1.133212 

.7447730 

.04413*48 

.03582766 

-11.37532 

1.033546 

1.011141 

.0*7915180 

.07571982 

<■>) 

ha  ■  q  L/tga 

-7.kl8331 

1.117442 

.6113377 

.03286207 

.02500278 

-10.75504 

1.083379 

.8779570 

.0616431* 

.05567374 

-10.14562 

.9*69297 

1.112204 

.1035295 

.1085691 

(6) 

he 

-10. 13k76 

1. 133212 

.7447730 

.04413448 

.03562766 

-11.37532 

1.033546 

1.011141 

.07915180 

.07571982 

-8.91592 

.860313 

1.213267 

.1279072 

. 1414184 

(7) 

Zhb 

-3.086361 

1.615542 

.5138700 

.03596756 

.01437790 

-8. 17701 

1.9577*7 

.8245351 

.07976214 

.03562766 

-9.17576 

2.199559 

1.166013 

.15*8716 

.07571982 

(81 

a*. 

-8. 17701 

1.957747 

.8245351 

.07976214 

.03562766 

-9.17576 

2.199559 

1.166013 

.1548716 

.07571982 

-6.57301 

2.342906 

1.482593 

.2693256 

.1414184 

(9) 

AZ  -  Zh-  -  Ihv  +  ZAF 

-6.75778 

. 544175 

.3587974 

.04876045 

.02404058 

-3.48713 

.463247 

.*13765 

.0854038 

.04630647 

.27435 

.371214 

.414083 

.1334249 

.07781709 

(10)  4Z  check 

-6.75779 

-3.48714 

.27*35 

180-200 

200-220 

220-240 

(1) 

-249.0991 

14.64445 

24.09282 

2.826176 

2.109563 

-67.11321 

12.14209 

24.23164 

4.032363 

3.32982 

97.60262 

11. 28472 

21.64097 

5.409030 

4.829119 

(2) 

AF  -  Cq 

-1.660661 

.1068400 

.08854627 

. 01052300 

.02109563 

-.4474547 

.O8858381 

.08905646 

.01501412 

.0332982 

.6506841 

.08232878 

.07953520 

.02014000 

.04829119 

(3) 

ILT 

-1A33656 

.2270049 

. 1201649 

.03161863 

.02109563 

-.2215021 

.2259526 

.1373688 

.04831232 

.0332982 

.8809793 

.2302952 

.1479664 

.068*3119 

.04829119 

(k) 

-8.91592 

.860313 

I.213267 

. 1279072 

.1414184 

-4.26615 

.691807 

1.294781 

.1900690 

.2365710 

.71*322 

•595095 

I.227717 

. 2636166 

.36OO63O 

d) 

ha  -  q  L/tga 

-6.591035 

.7760598 

1.254024 

.1589881 

.1889947 

-1.775914 

.6*34511 

1.2612*9 

.2268428 

.2983170 

2.582516 

.5980161 

1.126406 

.3042880 

.4326385 

(6) 

he 

-k. 26615 

.691807 

1.294781 

. 190069c 

. 2365710 

, 714322 

.595095 

I.227717 

.2636166 

.3600630 

4.450710 

.6009372 

1.025095 

.3449594 

.5052140 

\7) 

-6.57301 

2.342906 

1.482593 

.2693256 

. I4l4l84 

-1.85292 

2.413228 

1.721421 

.4266400 

.2365710 

3.160814 

2.446492 

1.851397 

.6236796 

.36OO63O 

(8) 

2 h* 

-1.85292 

2.413228 

1.721421 

.4266400 

.2365710 

3.160814 

2.446492 

1.851397 

.6236796 

.3600630 

6.926916 

2.476206 

1.875268 

.8501734 

.5052140 

(9) 

4Z  •  £h.  -  Jhv  *■  I4F 

3.28643 

.297327 

.356993 

.188933 

.  116248 

4.792232 

.2592166 

.26734*8 

.2453519 

.1567902 

4.647081 

.2600092 

.1718374 

.2949250 

.1934422 

{10)  AZ  check 

3.28644 

4.792233 

4.647070 

0 

0 

L16.000 

428.000 

439.600 

443.900 

447.400 

20 

0 

132.9758 

1667.0242 

1667.0241 

15.87642 

15.876 

431.876 

.030 

428.030 

.001 

439.601 

0 

443.900 

0 

447.400 

40 

265.9516 

331.2113 

1202.8371 

1202.8338 

11.45559 

11.456 

443.332 

.132 

428. 162 

.008 

439.609 

0 

443.900 

0 

447.400 

60 

928.3742 

388.2913 

483.3345 

483.3331 

4. 603186 

4.603 

447.935 

.292 

428.454 

.033 

439.642 

.001 

443.901 

0 

447.400 

80 

1704.9568 

316.1644 

-221.1212 

-221.1251 

-2. 105916 

-2.106 

445.829 

.447 

428.901 

.086 

439.728 

.003 

443.904 

.001 

447.401 

100 

2337.2855 

163.3834 

-700.6689 

-700.6699 

-6.673037 

-6.673 

439.156 

.550 

429.451 

.168 

439.896 

.010 

443.914 

.004 

447.405 

120 

2664.0522 

-7.1505 

-856.9017 

-856.9022 

-8.160969 

-8.161 

430.995 

.581 

430.032 

.268 

41*0.164 

.024 

443.938 

.011 

447.416 

140 

2649.7512 

-140.1828 

-709.5684 

-709.5669 

-6.757794 

-6.758 

424.237 

.544 

430.576 

.359 

440.523 

.049 

443.987 

.024 

447.440 

160 

2369.3856 

-203.2360 

-366.1*96 

-366.1487 

-3.487139 

-3.487 

420.750 

.463 

431.039 

.414 

440.937 

.085 

444.072 

.046 

447-486 

180 

1962.9136 

-191.7200 

28.8064 

28.8068 

.27435 

.274 

421.024 

.371 

431. 4io 

.414 

441.351 

.133 

444.205 

.078 

447.564 

200 

1579-4737 

-124.5*96 

345.0759 

345.0752 

3.28644 

3.286 

424.310 

.297 

431.707 

.359 

441.710 

.189 

444.394 

.116 

447.680 

220 

1330.37*6 

-33.5591 

503.1845 

503.1844 

4.792233 

4.792 

429-102 

.259 

431.966 

.267 

441.977 

.245 

444.639 

.157 

447.837 

240 

1263.2564 

48.8013 

487.9423 

487.9435 

4.647070 

4.647 

433.749 

.26a 

432.226 

.172 

442.149 

.295 

444.934 

.193 

448.030 

The  items  shown  in  a  typical  20-Becond  computation  are  obtained  as  follows: 

(1)  q  computed  on  sheet  2 

(2)  AF  Cq  (as  shown) 

(3)  ZAF  summation  of  hydraulic  loss  changes  of  reaches  upstream  frcm  tank  during  tine  period  considered 

(4)  hb  same  aB  h*  of  previous  time  period 

(5)  ha  q  L/tga  (as  shown) 

(6)  he  ^ha  -  h|j 

(7)  Zh^  Bummatlon  of  ht  of  reaches  upstream  from  tank 

(8)  She  summation  of  he  of  reaches  upstream  from  tank 

(9)  AZ  2he  -  Zhjj  +  ZAF  (as  shown) 

(10)  AZ  check  volumetric  check  as  shown  In  column  (6)  of  cross  check  and  final  tabulations. 
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LOUISVILLE  FL0O0  PROTECTION  PROJECT 
SOUTHERN  OUTFALL  SEWER 


SURGE  ANALYSIS 


COMPLETE  SHUTDOWN  OF  STATE 
FAIRGROUNDS  PUMPING  PLANT 

(1800  TO  0  CF.S.) 


LOUISVILLE,  KY. 
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